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ABSTRACT

Post partum haemorrhage is one of the leading saofenaternal mortality in both the
developed and developing world [1,2]. Post partusenhorrhage is caused by the loss of
blood from the uterus following labour because efréased uterine tone, retained placenta or
placental fragments as well as lower genital ttetima [3]. Routine management of post
partum haemorrhage involves the use of parentesaboin (OT) that is administered via the
intramuscular or intravenous route to increaseingeone and reduce bleeding. However, OT
is rapidly metabolised in the liver and clearedrirthe body via the kidney [4]. The use of a
long acting parenteral preparation of OT to mamiatierine tone is therefore proposed as a

means of reducing maternal mortality by prevenfiogt partum haemorrhage.

A variety of alternatives were investigated for tevelopment of an appropriate dosage form
for OT delivery. The use of Pluroffi¢127 (PF-127) as a thermo-sensitive gel that exista
viscous flowing liquid at low temperatures but farma stiff gel on warming to body
temperature is proposed. The properties of PF-1@w dor the administration of a cold
liquid preparation via a syringe and needle intascheltissue followed by the formation of a

depot gel that has the potential for sustainedsegliof OTin vivo.

Aqueous solutions of PF-127 were prepared usingctihé method. PF-127 solutions were
characterised with respect to critical micelle amtcation and gelation temperature for
different concentrations of gel. The temperaturevhich gelation occurs was found to be
concentration dependent. The rheological propertiessolutions of PF-127 were also
investigated and a dramatic change in viscosity fwaad to occur simultaneously with the

visual onset of gelation.

Due to the lack of compendial guidelines forvitro release testing of controlled release

parenteral preparations, different dissolution rmdthwere evaluated for their potential to



discriminate between formulations of different carsions. Tests that were used to assess
discriminatory behaviour were ANOVA analysis, theand f, difference and similarity
factors, and Gohel's Similarity factory.SThe discriminatory behaviour was assessed by
comparing thein vitro release of OT from 20%, 25%, and 30% w/w PF-127tainimg
preparations and it was observed that the USP App=ai3 showed the greatest potential to
discriminate between all formulation compositioestéd, compared to other test methods that
were evaluated. The method was further optimisedCf® per dose unit and to establish

whether pH changes affected drug release from thetems.

The Korsmeyer-Peppas power law was used to adsegsitnary mechanism of drug release
from the extemporaneously prepared dosage forredtesing different dissolution methods.
The values of the release exponentevealed that the mechanism of release of OT fém
127 gels is generally a combination of diffusiom amvelling controlled release or anomalous
release. The extent to which diffusion or swellingpacts on thén vitro release of OT was

dependent on the specific dissolution test thatwsasl to evaluate the vitro release of OT.
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STUDY OBJECTIVES

Post partum haemorrhage is one the primary cadisaaternal morbidity and mortality [1,2].

The consequences of excessive haemorrhage follawengelivery of a baby include hypo-

volaemic shock and anaemia, which reduce the guafitife and care for both the mother

and neonate. The incidence of post partum haengerimaay be reduced by routine

administration of oxytocin (OT) which maintains rite tone and prevents bleeding.

However, due to the short half-life of Of vivo, the primary objective of the project was to

develop and assess an alternate delivery systemvthdd provide sustained and prolonged

release of O1n vitro.

The objectives of this study were:

To develop and validate a suitable and sensitivghHPerformance Liquid
Chromatographic (HPLC) method to accurately andcipety quantitate OT in
pharmaceutical dosage forms and OT release fromagdoforms duringn vitro
release testing,

To review current trends of protein and peptideveey and objectively evaluate and
propose an alternative sustained release OT ddsage

To characterise a potential matrix for an OT dosfage for sustained delivery in
order to understand factors that are likely to iota the performance and integrity
of the dosage form,

To develop a discriminatorin vitro dissolution method for assessing the release of
OT from sustained release dosage forms of difféientulation compositions and,

To determine the mechanism/kinetics of OT releasm fthe delivery matrix using
model dependent approaches.
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CHAPTER 1

OXYTOCIN

11 INTRODUCTION

Oxytocin (OT) is synthesised in the cell bodieshaf paraventricular and supraoptic nuclei in the
hypothalamus from precursor proteins [5-7]. OT iftached to the carrier protein,
neurohypophysin and is transported via axonal msEe to the posterior lobe of the pituitary

gland where it is stored and subsequently releaset required [5,7].

OT possesses uterogenic and galactogenic activitgadmmals resulting in uterine contractions
and milk letdown following secretion, respectivg8s11], which can be considered the classical
actions of OT. OT also possesses diverse periplaml central effects due to the extensive
expression of OT receptors (OTR) in several organd tissues other than the uterus and
mammary glands. Studies have shown that the actiwit OT extends to stimulation of

endometrial prostaglandin production, T-cell fuantibone and muscle formation and secretion

of prolactin in the pituitary gland, luteolysis asplerm transport [12,13].

OT is available commercially as parenteral and Insdlations of the acetate salt [10]. Ampoules
of OT containing 5 and 10 IU/ml are available oe thouth African market [14], whereas the
nasal spray is not. The nasal spray is formulabedontain OT in a concentration of 40 1U/ml
[15].

The commercial or brand names of OT products arpha@hypophamirfe Ocytocir?,
Endopituitrin&, Pitocir?, Syntocinofi, Nobitocin $, Orasthiff, Oxystir’, Partocofi, Synpitarf,
Piton-S’, Uteracof [16].

1.2 PHYSICO-CHEMICAL PROPERTIES

1.2.1 Description

OT comprises of nine (9) amino acids. The aminal aeiquence of OT is shown in Figure 1.1
[8,11].



[ 1
H-Cys-Tyr-lle-GIn-Asn-Cys-Pro-Leu-Gly-NH ,

Figure 1.1 The primary structure of OT [8,11]

The amino acid moieties in the endogenous peptide | the L-configuration and a disulphide
bridge links the two (2) cysteine residues resgltin a six (6)-membered ring linked to a
tripeptide residue that is amidated at the carbxgninal [8]. Figure 1.2 shows the complete
chemical structure of OT [8].

HN

HO
Figure 1.2 The chemical structure of OT {#eeN120:2S) MW = 1007.23 [8]

The amino acid sequence of OT may define its chanmame. OT is L-cysteinyl-L-tyrosyl-L-
isoleucyl-L-glutaminyl-L-asparaginyl-L-cysteinyl-prolyl-L-leucyl-glycinamide cyclic (1- 6)
disulphide or L-Hemi-cystinyl-L-tyrosyl-L-isoleucyl-glutaminyl-L-asparaginyl-L-hemi-
cystinyl-L-prolyl-L-leucyl-glycinamide [8].

The free base of OT has not yet been isolatedsiuritstalline form, but OT is available as the
freeze-dried acetate salt. The acetate salt o@zs white or almost white fluffy hygroscopic
powder with a faint odour of acetic acid [8,11].



1.2.2 Biological Activity

OT can be manufactured using different synthetibyays that may in turn, result in grades of
OT with slightly different biological activity. Thpotency of synthetically produced OT samples
may be standardised according to the contractditythe rat uterus, vasopressor activity in
chickens and rats, as well as ejection of milkactating rats following administration [8]. The
resultant activity is expressed in posterior panjtunits and a unit is equivalent to 2.0 — 2g2of
the pure hormone [15]. It has been reported tha W12 of OT are contained in 214y of the
synthetic peptide (584 IU/mg) [9] in one (1) ampoaf the Fourth International Standard (1978).
The National Institute of Standards and Controlndan, UK) indicates an activity of 595 1U/mg
for the Fourth International Standard of OT [8].eTbnited States Pharmacopeia (USP) [10]
recommends that the activity of OT must not be l#ssn 400 IU/mg and the British
Pharmacopoeia (BP) [11] by convention labels 1 m@® to be equivalent to 600 IU. The
variability noted with regard to the standardisatad OT in the different compendia implies that
the characterisation of OT samples may be mandatnaracterisation may be achieved by
determining the actual biological activity of OTingsthe biological assays described or by means
of analytical assays and/or comparing a synthefic 9ample with an international reference
standard [8].

1.2.3 Synthesis

In general, OT is produced on a commercial scatehgyically, but can be obtained from the
pituitary glands of healthy domesticated animal6].[IHowever, the extraction of OT from
pituitary glands is of no practical significancedatmerefore no longer used for the commercial

preparation of OT [8].

OT and vasopressin (VP) were the first two (2) hmmes for which the chemical structures were
fully elucidated and chemical synthesis was sudalgscompleted [17]. The first chemical
synthesis of OT was reported by du Vigneatiél.in 1953 [18,19]. In this early work, a highly

purified form of OT was obtained, and isolated a&systalline flavianate salt.

In the large-scale production of OT, protectivecspe are necessary to hinder access to reactive
amino and sulphydryl groups. Tosyl and carbobenzgeoups are used for the protection of
amino functionalities and a benzyl residue candsful for the protection of the sulphydryl group
in the cysteine residue [19]. The synthetic procedised by du Vigneaust al [19] is shown in
Figure 1.3.
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Figure 1.3 The du Vigneaud synthetic pathway for OT (adaptzuh {19])

The initial step in the synthesis of OT is the dowup of tosyl-L-isoleucyl-L-glutaminyl-L-
asparagine (I) with S-benzyl-L-cysteinyl-L-prolyHeucylglycinamide (ll) via a condensation
reaction using tetraethyl pyrophosphite by a pracedknown as the amide procedure. The

heptapeptide (lll), containing tosyl and benzyl tpative groups, is formed and the protective



groups are removed in the presence of sodium udigmmonia. The reduced compound is re-
benzylated with benzyl chloride to re-protect thdpbydryl group, forming L-isoleucyl-L-
glutaminyl-L-asparaginyl-S-benzyl-L-cysteinyl-L-pgyt L-leucylglycinamide (1V).

Condensation of this heptapeptide with a dipeptide;arbobenzoxy-S-benzyl-L-cysteinyl-L-
tyrosine (V), is achieved in the presence of téiwdepyrophosphite to produce an open chain
nonapeptide derivative, N-carbobenzoxy-S-benzylsteinyl-L-tyrosinyl-L-isoleucyl-L-
glutami-nyl-L-asparaginyl-S-benzyl-L-cysteinyl-Lgdyl-L-leucyl-glycinamide (VI). The
resultant nonapeptide is further treated with swditm liquid ammonia to remove both the
protective benzyl and carbobenzoxy groups formingopen chain nonapeptide, L-cysteinyl-L-
tyrosyl-L-isoleucyl-L-glutaminyl-L-asparaginyl-L-sfeinyl-L-prolyl-L-leucyl-glycinamide (VII).
Air oxidation in a dilute aqueous solution at pH5 results in cyclisation of the nonapeptide by
the formation of a disulphide bridge between the twsteinyl residues to form OT (VIII) [19].

Subsequently OT has been produced by methodsdkatdiffered slightly in the chemistry of the
synthetic process, use of different protective ggpunethods used to make peptide linkages, and

manufacturing plans used to synthesise the ergpége [8].

Protective groups that have been used in the synthecedure include an S-acetamidomethyl
group for protection of the cysteine residue [3®methylbenzyl and p-methoxybenzyl, which
were found to be better cysteine-protecting growmsnpared to benzyl [21], and S-
benzamidomethyl [22] have also been used for thipgse. New protective groups for cysteine
residue  protection, 2,2,5,7,8-pentamethyl-3,4-diby@tbenzopyranylmethyl,  2,2,4,6,7-
pentamethyl-2,3-dihydro-5-benzofuranylmethyl and 5,@ktrimethoxy-2,3-dihydro-7-
benzofuranylmethyl have been synthesised and testeeé OT synthetic procedure [23].

N-tert-butoxycarbamate (N-Boc) has been used ssftdbsto protect amino groups in the
synthesis of OT [24,25] and the use of an o-nitesgtsulphenyl group has also been reported
[24].

Mixed anhydrides, active esters, and azide methade been used to make peptide linkages in
OT [8]. In a stepwise addition, polychlorophenyltees of three (3) equivalents of the
butoxycarbonylamino acids were reacted in the mmseof 1-hydroxybenzotriazole. This
procedure was followed by aminolysis and depradectif the reactive groups [26]. Furthermore,
intermediates with pre-formed disulphide bridgegenlaeen used to synthesise OT [27].



Recently, biologically active OT has been synthesissing 8°C and**N-labelled proline residue
using Oppolzer's method. Sultam was used as thealchuxiliary for the synthesis of the
tripeptide fragment. N-Boc and 9-Fluorenylmethylosgrbamate (N-Fmoc) were used for the
protection of the amino groups in tocinoic acid,iebhis the twenty (20)-membered disulphide

ring of OT. These were later removed using eithiBudroacetic acid or piperidine [28].

1.2.4  Solubility

The solubility of OT acetate in different solveigsummarised in Table 1.1.

Table 1.1 The solubility of OT acetate in different solvei8is

Solvent Concentration (IU/ml) Concentration (mg/ml)
Water 37 800 63

Methanol 86 400 144
Dichloromethane 2.9 0.005

1.2.5 Isoelectric Point

OT has a free amino group on the cystemesidue and a free acidic phenol group on thestyed

residue and is thus an amphoteric molecule. Thela@stric point is reported to occur at pH = 7.7

[8].
1.2.6  Ultraviolet Spectrum

The ultraviolet (UV) spectrum of OT in an aqueoaligon of concentration 200 IU/ml over the
range 200 — 600 nm at a scan speed of 600 nm/ndirdata interval of 0.800 nm is depicted in
Figure 1.4. The UV spectrum was generated usin@@ GV/VIS 916 Spectrophotometer (GBC
Scientific Equipment, Pty Ltd, Dandenong, Australia

The UV spectrum depicted in Figure 1.4 is similathat obtained by Nachtmaet al [8]. The
UV spectrum for OT shows two distinct wavelengthsvhich maximal absorbency occurs. OT
has a\n.x at approximately 275 nm, with a shoulder at appnakely 280 nm and shows another

region of increased absorbency between 200 — 240 nm



4.5

o

| W I

3.0 4 |

3.5

25+

Absorbance

20 \
15 ‘

1.0 — {

0.5 — ".‘ /\\
\ \
. |

o o

T T T T T T I I I T
200 240 280 320 360 400 440 480 520 560 600

Wavelength (nm)

Figure 1.4 UV absorption spectrum of OT acetate in aqueoustisol

1.2.7 Infrared Spectrum

The infrared (IR) spectrum of each compound is umignd serves as a useful tool to identify the
chemical structure of an organic compound. Althoubk spectrum is characteristic of a
compound, certain groups of atoms in organic mdéscgive characteristic absorption bands in
the IR region, irrespective of the structure of th@ecule. However, the precise interaction of the
atoms in a molecule generates the unique spectuthdt molecule [29]. The IR spectrum of OT
(470 1U/mg) is shown in Figure 1.5 and was gener&tem 4000 to 400 cthusing a Spectrum
2000 FTIR Spectrophotometer (Perkin Elmer InstruéhC, Shelton, CT, USA) using a Mull
technique with Nujdl or heavy liquid paraffin (UniLab, Redmont WA, USA)

The IR spectrum of OT shows characteristic absongbands in the region of about 3500 — 3200
cm' that can be attributed to the presence of botmam amide bonds and the amine
functionality, which show medium absorption bandsthis region [29]. Alkanes give rise to
medium intensity absorption bands around 3008 and a sharp band can be observed in the IR

spectrum at this region. In addition, bands in teigion are also due to the presence of liquid
paraffin, which has C-H bonds resulting in resoraaicthis frequency.
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Figure 1.5 Infrared spectrum of OT acetate

The OT molecule has a disulphide linkage, and np¢ace result in weak absorption bands at
about 2500 ci and a weak absorption band is observed in thimmeg the spectrum of OT.
Several functional groups absorb IR light in th@@ 7 600 crif region. The tertiary amine in the
proline residue produces a medium strength baradvedvenumber of approximately 1700tm

Primary amides in the peptide linkages give risanicabsorption band that is observed at about
1650 cnt.

The absorption observed for the rest of the regggrimarily due to alkanes that are also present
in liquid paraffin, primary amines, and amide grswghich absorb IR light in this range, although
only a weak absorption band is noted in the regietween 1000 — 800 ¢cmThe IR spectrum
obtained differs with one published in the literat(i8] due to the use of a different method to
obtain the IR spectrum. The IR spectrum reportedhin literature [8] was generated using
potassium bromide and this does not produce intabserption bands due to the frequencies

produced by C-H bonds present in the liquid pamdfiat are observed in Figure 1.5.



13 STABILITY

1.3.1 Temperature

Freeze-dried OT acetate may be kept in a refrigefat several years without significant loss of
oxytocic activity. However, inactivation of the gigle stored under these conditions may occur as
a result of disulphide interchange in which intréecalar disulphide linkages convert to form
intermolecular bridges [8], and it may therefore rixessary to test the biological activity of
samples following long-term storage.

OT sample concentrates that were stored in a esfigr at 5 °C showed no significant loss of
activity after twelve (12) [8] or eighteen (18) ntlhs [30]. Whereas samples that had been kept at
21 °C, showed only a slight loss of activity of %.®er annum, and samples maintained at 30 °C

showed an increased loss of activity of approxitga8% per annum [8].

The compendial and pharmacopoeial guidelines for €drage concur with the stability
characteristics of commercial OT preparations deedr above. The USP [10] and BP [11]
recommend that OT must be stored in airtight coetai in a refrigerator set between 2 arfeC8

and must be discarded after 30 days if OT ampdwdee been stored between 15 and@3$31].

The thermal stability of OT in aqueous media hanlbreported previously [32]. Only 38% of the
original OT that was added to the solution remaiaker evaporating an aqueous solution of OT
to dryness by maintaining the solution at 35 °Gainvater bath. Heating at 100 °C for 30 min
resulted in a 39% loss of OT, whereas heating fomin at 120 °C resulted in no loss of activity
[32]. After heating an aqueous solution of OT (Ldnhl) at 50 °C for 10 min, as described in §
2.5.6.3, only 3.55 4.07% of the OT degraded. This experiment was wcted in triplicate (n =

3) and was analysed using a validated HPLC metBbdyfter 2yide infrg).

132 pH

The stability of OT is pH dependent and pH therefaifects the shelf life of OT in formulations.
At low pH, OT undergoes hydrolysis of the peptikages [8]. However OT has been found to
be stable between pH = 5 and pH = 8.5 and has af phximal stability at pH = 3. As the pH
increases towards a neutral value and proceedsniora alkaline range, the formation of dimers

and other polymeric forms of OT occurs as a resdullhe conversion of intramolecular disulphide



linkages to form intermolecular links between tlysteine residues in two (2) different OT chains

[8].

Approximately 10.58, +0.51%, of OT degrades in 0.1 M solutions of hytitodc acid and
70.33,_+0.25%, of OT degrades in 0.1 M sodium hydroxidieitgmns in 2 hours as described in
detail in § 2.5.6.1 and 2.5.6.2, respectively. Tbgradation studies were performed in triplicate

(n = 3) and analysed using a validated HPLC me{idpter 2yide infrg.

OT parenteral preparations are formulated withaaedbuffer at a pH of approximately 3.9 using
a sodium acetate buffer and acetic acid to adhespt to the required value, to ensure maximal

stability of the peptide formulation [33].

1.3.3 Oxidation

OT is susceptible to oxidation and 21.67,0#49%, of OT degrades in twenty (20) volume
hydrogen peroxide solutions, as described in &A5and analysed using HPLC, as described in

detail in Chapter Zjide infra

14 CLINICAL PHARMACOLOGY

1.4.1 Physiological Role of OT in the Uterus

The primary role of OT is to cause uterine smootlscte tissue contraction during parturition
[5,12,15,34,35,36]. In the pregnant and puerperaug, OT causes a dose dependent increase in
the frequency and amplitude of uterine contractiand at high doses causes an increase in the

uterine resting tone [15].

Successful parturition depends on coordinated awigthe uterine contractility and sensitivity

of the uterine smooth muscle tissue to OT becads&waveased OTR and changes in the
connective tissue that allows cervical ripening ditdtion [34]. In mammals, the changes in the
uterus are a result of an increase in the levetsrotfilating oestrogen and a corresponding decline

in circulating progesterone levels [5,34].
There is an almost thirty (30) fold increase in thember of OTR in the uterus in early labour

compared to their expression in early pregnancg7[s,Consequently, there is an increased

sensitivity and responsiveness of the uterus to TS sensitivity may increase up to eight (8)
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fold in the last nine (9) weeks of pregnancy, wati associated increase in contractility of the
uterine smooth muscle tissue [5,13]. This is asdediwith the up-regulation of OTR messenger,
ribonucleic acid (mRNA), and the density of the mgtrial OTR, which reaches a peak in early
labour [13,38]. In addition, there is an increasemyometrial weight and actinomycin content,
which also promote uterine muscle tissue contrac{ibs,34]. Furthermore, an increase in
spontaneous motor activity of the uterus in thedtlimester, as compared to the first and second
trimesters of pregnancy can be considered to patak increase in the responsiveness of uterine
tissues to OT stimulation [5]. The synergistic eferesult in contraction of the uterus at fullhter
pregnancy at the commencement of labour [5,8,9,15].

Progesterone has been shown to antagonise thésebfe®©T in vitro and therefore may have an
effect on the responsiveness of the uterus to €. decline in the progesterone levels prior to
birth may therefore also play a role in the acyivift OT and initiation of labour [5,37].

1.4.2 Physiological Role of OT in the Mammary Glansl

Milk ejection from the mammary glands is triggefgg the suckling action of an infant on the
nipple. Suckling stimulates the mammary tactileepors that generate sensory impulses and
directs them to the paraventricular and supraamiicei via the spinal cord [5,8,9,13,15]. The
oxytocinergic neurons in the hypothalamus displdyigh frequency-bursting activity with each
burst resulting in a massive release of OT intoysemic circulation, which is carried to the
breasts of lactating mothers. In the mammary gl@idcauses a contraction of the myoepithelial
cells in the walls of lactiferous ducts, sinusex] areast tissue alveoli. In humans, milk ejection
occurs within 30 — 60 seconds following the comneanent of suckling [13]. OT is considered
essential for infant nursing and a deficiency of @Tnice has been shown to result in failure of

test animals to effectively nurse their offspridg].

1.4.3 Additional Physiological Roles of OT

OTR are expressed in several other issues, therebyaling the diverse nature of the

physiological roles of this nonapeptide in the harhady [13].

In the peripheral tissues, OTR are expressed itwvaey [40] and corpus lutetium [41] and OTR
expression has been observed in males [42] inguitirthe testes [43] and prostate gland [44].
OT synthesis has also been recently observed ibréeest [45] and lung tissues [46], where it

may be involved in the proliferation of canceroafsc
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OTR are also expressed in the kidney [47], hed}, [thymus [49], and pancreas [50] among
other peripheral organs, indicating a diversitypbfysiological roles for OT. In the brain, OT
plays a role in sexual and maternal behaviour 41 8tress related behaviour [53] and eating

disorders [54], amongst other diverse functions rates.

1.4.4 Mechanism of Action

OTR is a G-protein coupled receptor (GPCR) anduisctionally coupled to gy, class of
guanidine triphosphate (GTP) binding proteins [I3je GTP binding protein, coupled withs&
stimulates the activity of phospholipase fCforms, which results in the hydrolysis of
phosphoinositide, generating two entities, spealific inositol 1,4,5-triphosphate and 1,2-diacyl
glycerol. Inositol 1,4,5-triphosphate triggers tieéease of calcium ions from intracellular stores
and 1,2-diacyl glycerol causes the stimulation mitgin kinase C, which phosphorylates, as yet
unidentified, target proteins [55-57]. The increas@étracellular calcium ions results in a variety
of intracellular events including the formation oélcium-calmodulin complexes. In smooth
muscle tissues of the uterus, the increase inwal@ons triggers the activation of myosin light-
chain kinase activity, which results in contractioihthe myometrial tissue resulting in uterine
contraction [13,58,59].

1.4.5 Structure-Activity Relationships

The conformation of a drug at a receptor is impurtar eliciting a biological response vivo.

For OT a myriad of possible conformations exist #dretefore understanding the elements of the
molecule necessary to stimulate biological activgtymperative to comprehend the subsequent
biological events. In addition, understanding theicture-activity relationships (SAR) of OT
facilitates the design of stable agonists and amiiats that can be used in clinical practice
[7,60,61].

Hormone-receptor interactions actually involve éhdfferent states for the hormone-receptor
complex. At the outset, hormone-receptor bindirtgraction occurs and is considered to be the
recognition step between the hormone and the recephe recognition step is necessary for
binding but is not adequate to elicit a biologicatponse. The transduction state follows and
involves hormone-receptor interactions with a ratpry protein, and leads to activation of a
second messenger compound such as cyclic adenosinephosphate (CAMP) and/or calcium

ions. The third step in the process is the dissiociaf the hormone-receptor complex and return
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of the cell to a basal state. The recognition aadsduction states are known to involve structural
and conformational properties of hormones and rekd@as shown that the two steps for peptide
hormone-receptor systems can actually involve tifferént conformations of the same hormone
[62].

In order to understand the agonist activity of @ structure of OT must be separated into the
20-membered backbone and a tripeptide side charly SAR studies of the activity of OT
showed that the 20-membered ring was essentighéoactivity of OT. In support of this theory it
was noted that a synthetic ring-opened form of OAsviound to have significantly reduced
potency as compared to the closed form. The rirepeg structure however had a slower onset of
activity that was attributed to the slow oxidatiohthe linear form of the compound prior to

transformation into a cyclic peptide form [63].

The tripeptide tail has no known activity but plagscritical key role in the potency of the
molecule and binding affinity of the OT moleculerexeptors. The replacement of the C-terminal
amide group with a carboxylic acid group forming/mcinoic acid, results in a molecule that has
only 1/400 the activity of OT [64].

It is generally believed that the tripeptide sith@io and the disulphide ring work cooperatively in
the interaction of OT with OTR or in transducinge theceptor, thereby eliciting a biological

response [7].

The SAR of OT at the uterus receptor have been arised by Hrubet al [62] as follows:

i.  The 20 membered disulphide ring system is suffidienactivity at the uterine receptor,

ii.  There is cooperativity that occurs between thelpigde ring and the tripeptide tail,
which is important for the full binding interactiaf OT with OTR,

iii. The tripeptide tail of OT is essential for bindioGOT to the receptor but is not important
in the transduction of the uterine OTR,

iv.  Important residues for both binding and transductice cysteine residues (1 and 6), the
tyrosiné and asparagineesidues, which appear to be involved in a codjwerananner
in the transduction process and,

v. The OTR in the uterus appears to have three (Zratptopological binding sites for OT.
There is a lipophilic site associated with firstlahird residues in OT, a hydrophilic site
with hydrogen bond accepting properties for thertfowand fifth residues and a more
lipophilic site that encompasses the tripeptidiedaihe hormone.
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1.4.6 Clinical Use, Indications and Dosage

OT may be used for the induction of labour or augtaion of labour when medically indicated
[5,9,36,65,66]. For this purpose OT may be giveralsjow intravenous infusion in which 5 U of
OT are placed in 500 ml of a physiological comgatiftuid such as normal saline, although
higher doses may be used [5,9,15,67]. Initiallys &: 2 mU/min may be administered
intravenously and the dose may be increased every @0 min as is necessary [68]. There is
general debate about the correct dosage for labduction, although the consensus is that a 10
mU/ml of OT administered at an initial dose leveElLanU/min [5] is sufficient to promote labour.
Guidelines [69] recommend 10 or 20 U in 1000 mimal saline and that the infusion is initiated
at a rate of 1 — 2 mU/min, gradually increasingrgv@0 min, untii a maximum of 3 — 4
contractions per 10 minute interval is observed3]%9]. It has been recommended that
increments be implemented at 40 minute interval§ B even 60 minute intervals in order to
prevent excessive uterine contractions and foesaleds [70,71] based on the pharmacodynamic
profile of OT [70].

An administration rate of 12 mU/min is the maximuhat is usually required for labour
induction, although a rate of 6 mU/min is suffidiém produce physiological levels of OT usually
present at the commencement of natural labourHOgtal heart rate and uterine contractions
should be monitored in the process once labourcbasnenced and is progressing and at that

stage, the OT infusion may be gradually withdra@in [

OT has also proved useful for the prevention oftgeosum haemorrhage and management of
postpartum or postabortal uterine atony in thedtlsitage of labour [5,9,15,72,73]. In order to
promote routine third stage prophylaxis, a reconuedndose of 5 — 10 IU as an intravenous
bolus [68,74] or intramuscular [69] dose of OT nimy used. This may be followed by a slow
intravenous infusion in severe cases, where 5 #J2[®] or 10 — 40 IU of OT in 1000 ml of a
compatible and non-hydrating diluent are admingtdollowing a normal vaginal delivery [69],
or a high dose of OT, 2667 mU/min, administeredr @@ min for caesarean delivery [69,75]. A
dose of 10 IU is recommended at a rate between 20 mU/min [9]. Initially, the infusion is
given at a rate of 10 ml/min for a few minutes Litite uterus has contracted and then is reduced
to 1 — 2 ml/min until the mother is ready to bensi@rred to the postpartum unit [5]. OT may also
be administered as an intramuscular injection @D for the treatment of uterine atony [5].
Furthermore, as a prophylactic measure OT may Weingstered intramuscularly (5 IU) in
combination with ergometrine maleate (50¢) to non-hypertensive patients with or after the

delivery of the shoulders of the baby, or if OT awistration alone fails to produce adequate
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uterine tone [5,9]. In the case of a missed abwytd IU of OT is administered via slow

intravenous injection or as an infusion at a rdt20o— 40 mU/min or higher [3,5,9,15,76].

OT may also be used to stimulate lactation and tmayecommended for nursing mothers
following the premature delivery of infants [77]. double-blind randomised controlled clinical
study showed the effectiveness and safety of n@Jalfor the promotion of lactation [78].
However, a recent double blind randomised clinidal [79] comparing the effectiveness of nasal
OT to a placebo preparation for the promotion ofddon in mothers of pre-term infants, showed
that the administration of nasal OT resulted irteflasnitial milk production compared to the
placebo formulation. However, there was no sigaificdifference between the use of the OT
nasal spray and the placebo, suggesting the pmesefica significant placebo effect. A
recommendation for promotion of lactation has béweat the encouragement and support of
mothers, with unrestricted feeding, may diminise tieed for OT use to stimulate lactation [80].
In order to stimulate lactation, OT is administeasda nasal spray and one (1) puff is sprayed into
one (1) or both nostrils 3 min before sucklingnigiated [9,15]. There is a risk of dependence and

therefore OT use for lactation stimulation is ngtays recommended [9].

1.4.7 Overdose

An overdose of OT results in uterine hyperactivltypertone or tetany, which are potentially
detrimental to both mother and baby, causing sesgverse reactions as described in § 1.4.8. OT
administration must be discontinued immediately apohptomatic and supportive treatment is
advised in cases of overdosing [31].

1.4.8 Adverse Drug Reactions

OT is an endogenous hormone and has not been edporthave any adverse effects following
administration on its own. However, administratiofi OT in high doses may result in
uncontrolled and violent uterine contractions arime tetany that may result in uterine rupture
and decreased utero-placental blood flow, resulimdoetal bradycardia, foetal arrhythmia,
asphyxia and even maternal and foetal death [9N&lisea, vomiting, and cardiac arrhythmias

may also occur [81].
OT is structurally similar to VP and possesses waatk-diuretic properties due to interaction

with VP receptors [35,82]. Prolonged infusions o¥20 min and high doses of OT may result in

water retention with associated water intoxicataond hypo-natraemia, resulting in pulmonary
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oedema, convulsions, coma or even death, in secasss [81]. The vasopressor effect of OT is
more likely with OT of natural origin, but may oecwhen synthetic OT is administered
[9,15,83].

Rapid administration of commercial OT may also hesu hypotension and reflex tachycardia
[9,15]. Some studies have shown that the impacbofmercial OT preparations is not due to the
OT itself, but the combination of OT and chlorbutbke preservative in commercial formulations.
The combination results in cardio-depressive arghtiee inotropic effects, which are similar in
magnitude to those caused by chlorbutol when adeirdd alone, resulting in vasodilation,
precipitating hypotension, and consequent tachyaaird patients receiving such commercial

preparations [82,84-87].

A rare case of water intoxication and hypo-natraeemicephalopathy has been reported [88]
following excessive use of OT administered via tiasal route. Following administration of
intravenous fluids, water intoxication resultedolpably due to the anti-diuretic properties of OT
with a result of hypo-natraemic encephalopathy @mavulsion. It is therefore recommended that
the use of nasal OT for promotion of lactation benitored to prevent such deleterious effects
[88].

The use of OT to induce labour has been assoomtacan increase in the incidence of neonatal
jaundice [89,90]. OT may cause neonatal jaundicenhibiting hepatic glucoronyl transferase

[91] and by increasing erythrocyte deformation bhadmolysis at high doses [89].

Anaphylactic and hypersensitivity reactions to @lthough rare [81], include cardiac arrhythmia,
pelvic haematomas in addition to nausea and vognjéirL5]. Following administration of OT via
the nasal route, insulin and glucagon secretiondeased [92], which may result in low plasma

glucose levels.

1.4.9 Contraindications

OT should not be administered in cases where iisrars likely to harm the mother or the foetus
i.e., where there is a poor risk: benefit ratio thoe patient [9,15]. OT use is contraindicated for
obstetrical conditions such as cephalopelvic disprioon, foetal malpresentation, foetal distress,
placenta praevia, and in cases of mechanical albgiruto delivery. Moreover, OT is

contraindicated in cases where there is a predigpogo uterine rupture as in the case of
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multiple pregnancy or when there has been prevéoiliy into the uterine cavity, for example a

previous caesarean section, myelectomy or any gtngtal tract related surgery [9,15,36,81].

A rare contraindication to the use of OT for indoictof abortion has been reported, where sepsis
as a result of ligamentary ectopic pregnancy oecliand abortion was indicated at over twenty
four (24) weeks of pregnancy [93]. The administniatof OT failed to induce labour resulting in
persistent bleeding and OT is therefore contraatdd in such gynaecological complications
[93].

OT should not be administered in cases of uterypetactivity and in patients in which there is

an increase in the basal tone of the uterus, asrtay result in uterine rupture [9,15,81].

OT is contraindicated in patients that have hypesisieity to OT [15]. Hypersensitivity usually

occurs as a result of administration of very higbhses of OT and may be reduced by
administration of OT with small increments in thefuision rate thereby preventing hyper-
stimulation of the uterine smooth muscle and hygesiivity [15]. OT must also be used with

caution in patients with cardiac disorders [81].

1.4.10 Drug Interactions

Drug interactions with OT are not common; howe@T, may increase the vasopressor
effect of sympathomimetic drugs [9]. This is thensequence of administration of high
doses of OT resulting in high circulatory levelstioé hormone, and therefore OT acting
on the VP receptors due to the similarity in thgirmary amino acid sequence and
structure. Therefore, there is an associated dropblood pressure following this
interaction [35]. Prostaglandins must be used wéthtion if administered concomitantly

with OT as this may result in uterine hyperactiygi].

1.5 PHARMACOKINETICS

1.5.1 Absorption

OT is a labile peptide that is not susceptible rigpdin-mediated degradation in the gastro-

intestinal tract (GIT). The degradation of OT irtBIT is due to metabolism by chymotrypsin,
which digests the tyrosifie- isoleucing and leucing — glycin€ bonds [94]. OT was found to
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degrade rapidly within 60 min in intestinal fluidrdents, but the degradation of OT in the gastric,
colonic and rectal membranes and in the intestimeatovilli membranes is thought to relatively
slow and could be a result of membrane-bound pretsiich as endopeptidase 24,11 and amino
peptidase, which digest proteins [94]. Due to esitemetabolism in the GIT, OT is not active
orally. It is however rapidly absorbed across mscmembranes and OT has been formulated as a
sublingual dosage form, although this has beenodistued due to erratic and unpredictable

absorption of OT from the buccal mucosa when thigade form was administered [95].

1.5.2 Distribution

OT distributes into the extracellular fluid spacecupying approximately one third of the total
volume of the extracellular fluid [96] and has dwne of distribution of approximately 0.3 I/kg
[97] indicating that OT has little or no apparendtgin binding characteristics [96].

Administration of OT by different routesjiz, nasal, intramuscular, intravenous, and buccal
routes, results in different plasma concentrati@desal levels of OT are reported to be < 10
pg/ml. Following nasal administration of between-6300ug OT, the plasma concentration of
OT increased to between 36 — 85 pg/ml. Adminigiratf an intramuscular dose of OT (2§)
produced resultant plasma concentrations that mar&edly higher that those attained following
nasal administration, reaching between 360 — 48Mlpddlowever, the administration of buccal

OT (70ug) was ineffective as the plasma concentrationsreks were lower than 10 pg/ml [98].

1.5.3 Metabolism

OT is rapidly cleared from the systemic circulatlpnmetabolism in the liver and is excreted via
the kidneys [4,8,99]. OT has a plasma half-lifeoafy a few minutes, reported to be 3.2 min
following a single intravenous bolus injection a@ min following an intravenous infusion at
0.5 IU/min for 25 min [96,100].

OT is metabolised primarily by two (2) enzyme sgsdethat are responsible for the removal of

glycinamide from the C-terminal of the polypeptiaied removal of the Leu-Gly-NHsequence
[8].

Glutathione plays an important role in the metabédie of OT in the kidney, increasing the rate

of degradation observed in the renal microvilli lmembrane-bound enzymes [4h vivo,

glutathione may be involved in the metabolism of WTcleavage of the disulphide link between
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the cysteine moieties [101]. An alternate mechariymvhich OT may degrade in the kidney in
the absence of glutathione may be a result of tlesemce of a membrane bound enzyme,
endopeptidase 24.11, which attacks lipophilic bdrelgroliné — leuciné [4].

Degradation of OT in the liver does not occur assalt of membrane-bound enzymes, but occurs
in the hepatocytes [4] and OT has been found teuseeptible to enzymatic attack by peptidases
in the liverin vitro. Peptidase enzymes are located mainly in the ¢dyges and microsomes
[102]. In addition, OT undergoes receptor-mediamuiocytosis into the hepatocytes and
undergoes intracellular metabolism in these regiasshas been observed for VP [103]. The rate

and extent of degradation in the kidney in the gmes of glutathione is higher than in the liver

[4].

Furthermore, pregnant women produce plasma oxyeein[104-107], which is an
aminopeptidase enzyme that cleaves OT at the ogstei tyrosiné bond resulting in the
formation of an inactive acyclic compound [8]. Anzgme present in the placenta identical to
plasma oxytocinase also hydrolyses OT [107-109fufeé 1.6 shows a summary of this

degradation reaction.

H-Cys-Tyr-lle-GIn-Asn-Cys-Pro-Leu-Gly-NH ,
Plasma oxytocinase

Tyr-lle-GIn-Asn-Cys-Pro-Leu-Gly-NH ,,

Cys
Figure 1.6 Metabolic degradation of OT by plasma oxytocind&edrawn from [8])

Reported half-life and mean metabolic clearancesratf OT vary according to the route of
administration and the dose delivered. The plasai&life of OT in males is reported to be
between 3.2 — 10.3 min [97] and in non-pregnantalemis between 3.3 — 4.5 min, whereas in
pregnant females the range is 1.8 — 4.9 min [118¢ mean metabolic clearance of OT has been
reported to be 21.5 3.3 ml/kg/min [97] and 16.4 ml/kg/min [111]. Folling the use of OT for
labour induction, the metabolic clearance ratelbeen reported to be 7.97 ml/min [112]. There
are no significant differences in the mean metabolearance rate of OT between men, non-
pregnant and pregnant women. Reported values ofh megtabolic clearance are 27 h8

ml/kg/min in men, 20.6 #.8 ml/kg/min in non-pregnant women and 23.2.6 ml/kg/min in
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pregnant women, using the corrected weight preramegy weight for pregnant women to give a

metabolic clearance rate of 25.2:0 ml/kg/min [113].

The administration of an intravenous dose of OTultesin a rapid onset of action that occurs
within 1 minute, with a duration between 30 andr6id and with a half-life less than 5 min

[31,69]. The onset of action following intramusaud@ministration is within 3 — 5 min and lasts 2
— 3 hours [31].

1.5.4 Elimination

OT is eliminated primarily via the renal route [B10]. Less than 1% of the administered dose is
excreted unchanged in the urine of pregnant worsesompared to 20% recovery in the urine of

non-pregnant women [110].

1.6 CONCLUSION

OT is a powerful uterotonic agent, useful for theduction and augmentation of labour,
prevention of postpartum haemorrhage and promaifdactation. The instability of OT in the
GIT is primarily due to the high acidity of the stach, the alkaline pH of the small intestine and
the presence of enzymes in the GIT. The compourideisfore unsuitable for formulation for

delivery via the oral route.

The short half-life of OT makes it a suitable agémt formulation into a sustained release
parenteral formulation. However, the use of a $usthrelease formulation is limited for labour
induction, as careful monitoring of the patient fthis indication is required to prevent
complications to mother and/or baby and the usarofmplanted sustained release parenteral
preparation would be unsuitable. However, afterdbivery of the shoulders of a baby, in the
third stage of labour, the routine use of a susthirelease OT preparation could be advocated to
prevent postpartum haemorrhage and incidences pd-tiglaemic shock [114], which is one of
the leading causes of maternal morbidity and mitytah sustained release OT product would

assist in maintaining uterine tone and prevent &sige bleeding.
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CHAPTER 2

HPLC METHOD DEVELOPMENT AND VALIDATION

2.1 INTRODUCTION

2.1.1 Overview

The analysis of OT has traditionally been basedbaogical assays that measure uterine
contractions in the rat or a drop in the blood pues of chickens [8]. The BP 1993 [115] and USP
1990 [116] recommended the use of these assaysatttitate OT activity. However, biological
assays are time consuming and the applicabilithigh performance liquid chromatography
(HPLC) in comparison to biological assay methods kasured that this analytical tool has
become a method of choice for the quantitation af @ biological samples [117,118],
pharmaceutical formulations [119-124] and for dyationtrol purposes [125,126]. Furthermore,
there is a good correlation that exists betweerattieity of OT measured using biological assays
and the use of HPLC as a quantitative analyticall [8121,124]. In addition, current compendial
methods recommend the use of HPLC for the ass@yrafontaining formulations [10,11].

The objective of these studies was to develop gnidncse an HPLC method for the quantitation
of OT in pharmaceutical dosage forms. Furthermtre,development of a stability-indicating
analytical method for the assessment of OT wageabksihe method for OT analysis was further
optimised by increasing the sensitivity in order aibow for the use of the method in the
assessment of OT release from extemporaneoushane@T gel formulations for parenteral

delivery of the peptide.

2.1.2 Principles of HPLC

HPLC has become one of the most versatile toadsvinde variety of fields, finding application in
the pharmaceutical sciences [127-129], chemic@{1®], cosmetic [133-135], biotechnological
[136-138], biomedical and clinical fields [139-141]

The term HPLC encompasses numerous forms of thitpee including liquid-liquid, liquid-

solid, ion exchange, and size-exclusion chromafgrd142-144]. Modification of liquid-liquid

chromatography gave rise to bonded phase chronagtiegrand the original form of bonded
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phase chromatography is referred to as normal pHR&€. Normal phase chromatography uses
a polar stationary phase and a non-polar solvemakile phase is used to ensure elution of the
analyte of interest. However, a more commonly deeth of HPLC is reversed-phase HPLC (RP-
HPLC) where the stationary phase is non-polar dm mobile phase is comprised of polar
materials. RP-HPLC is a more useful techniquetieranalysis of pharmaceuticals as the majority
of compounds of interest are polar in nature, beitiger weak acids or bases and are ionisable,
necessitating the use of polar solvents to effagpidrelution from hydrophobic stationary phases
[143-145].

The stationary phase is usually retained in a columade of stainless steel and is primarily made
up of a silica backbone, chemically bonded to ddfifé functional groups, such as for example,
alkyl chains. The mobile phase is pumped throughstationary phase in the column and carries
the analyte(s) of interest to the detection sysfemanalysis. Usually the detector system is
coupled to a computer system, integrator, or atemarder for data capture and integration of the
detector response. The components of a mixturergoitg analysis interact differently with the
stationary and mobile phases, resulting in difféaémigration or varying rates of movement and
consequently, different retention times of the comqs of interest thus effecting a separation
[143-145].

The separation of compounds in HPLC is a poorlyeustdod complex process, despite numerous
efforts to elucidate the precise nature of theradton between an analyte and the stationary and
mobile phases. Several mechanisms for the retergfomnalytes in RP-HPLC have been
proposed, each having distinct advantages andéstcgimings. The failure to reach consensus for
the mechanisms of retention is probably due toctmaplexity of interactions that occur in RP-
HPLC systems, which change with the nature of tbbeile phase composition, type of stationary
phase and the analyte in question [146-148]. Thderstanding of mechanisms of retention in
RP-HPLC is useful for the prediction of performamée specific separation in chromatographic
systems and the logical optimisation of that sdparaespecially in complex systems that contain
a wide range of solutes or analytes to be sepaja6d149,150].

The retention of an analyte in RP-HPLC is a functdd its distribution between a liquid polar
mobile phase and a non-polar stationary phaseegb#ibrium existing in a system is not strictly
liquid-solid equilibrium, as the chemically modiiehydrophobic layer is made up of mobile
chains and therefore there is no sharp interfadedsn the stationary and mobile phases.
Furthermore, the equilibrium cannot be considered Aquid-liquid equilibrium as the stationary

phase, although it contains mobile chains, is chalyi bonded to a stationary silica backbone
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[146]. When the layer of bonded alkyl chains is @sqad to the contents of a mobile phase, it
adsorbs some of the contents of the mobile phatewells to a degree, forming a complex, thick
solid-liquid interface [146].

Analyte retention was initially proposed to be doénteractions between a solute and the mobile
phase [151,152]. Kargest al. [151] proposed that hydrophobic molecules tend luster in
agueous media and result in the formation of atgawf which the surface area is directly
proportional to the molecular connectivity provigia topological index. The retention of solutes
increases with an increase in molecular connegtigf a molecule and therefore, more
hydrophobic entities, which occupy larger surfaceaa, have longer retention times. The
solvophobic theory [152] also describes the impuar¢aof the aqueous medium in reducing the
surface area of non-polar solutes forming a cavitthe media to accommodate the solute. The
solvophobic tendency results in the interaction solutes with the stationary phase and
hydrophobic molecules therefore tend to interactenwith the stationary phase compared to
more hydrophilic compounds. The size of the mokeahd the surface tension of the mobile

phase are therefore important factors in determitiile mechanism of retention [152].

Later studies have provided evidence of the impodaof the stationary phase in the retention
process [153-156] and models that include bothctigracteristics of the stationary and mobile
phases have been developed. Experimental datal riéna¢athe density and length of the alkyl

chains in a stationary phase are important comgenermetermining the retention mechanism for
small non-polar solutes [157]. Tan and Carr [15Bjestigated the role of cavity formation,

dispersion interaction, polarity, hydrogen bonddagiand basicity on the retention behaviour of
analytes. The stationary phase was found to bengoriant determinant in the retention

mechanism.

The mechanism of retention can be described byhtabg three mechanisms [158]:
i.  Partitioning of an analyte between a stationaryrantile phase [149,154],
ii.  Adsorption of an analyte onto the surface of a polar adsorbent [159] and,

iii. The combined effects of adsorption and partitiofjir&f)].

Partitioning implies that a solute becomes fullybexided in a stationary phase, whereas in

adsorption, a solute interacts with a stationamgsetonly on the surface of that phase [158].

In the partitioning model [158], the stationary paacan be considered an amorphous bulk fluid

medium and the transfer of solutes between theostay medium is driven by the relative
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chemical affinity of a solute for the mobile andtginary phases. The solvophobic theory [152] is
an example of the early partitioning models, altftoit fails to provide a complete picture for the
partitioning process as it neglects to describeirtipact of a stationary phase on solute retention
[149]. Equation 2.1 depicts the analyte distribofpartition coefficient used to describe the
partitioning theory [143,148].

K=— Equation 2.1

Where,
Cs = Concentration of analyte in the stationary phase

Cm = Concentration of analyte in the mobile phase

In this model, the migration of a solute may beuassd to occur only when the molecules are in
the mobile phase and a greater distribution ofsthiate in the stationary phase results in a higher
partition coefficient. As a result, the rate of maijon of a solute is inversely proportional to the
partition coefficient and in cases where therelarger amount of analyte in the stationary phase,
longer retention times result [143]. A correlatierists between the partition coefficient of a
solute in water andh-octane and the retention factors for RP-HPLC [14&lationships to
determine and predict the migration of analytehiwilRP-HPLC columns can be derived from
the partition coefficient [148]. The partitioning solutes in RP-HPLC can be considered to occur
in three stepsiz., the creation of a solute-sized cavity in theistery phase, which is followed
by the transfer of the solute from the mobile phiaseing a cavity and is finally closed by the

mobile phase in the subsequent step [158].

The contribution of adsorption to the retention gess was initially underestimated, but
adsorption is now recognised to play a vital ratethie retention of analytes in RP-HPLC
[154,158,159]. Adsorption describes an accumulatioane component in close proximity to an
adsorbent surface, under the influence of surfaxee§. When a liquid binary solution is used, the
accumulation of an analyte onto a stationary phswséace occurs with the simultaneous
displacement of solvent from the surface regionr iba adsorbent, into the bulk solution. At
equilibrium, a certain amount of analyte will remaiccumulated on the adsorbent surface at a
higher concentration than that present in the kollation [148]. This model has been considered
more logical in explaining retention mechanismsaltites as compared to the partitioning model.
This is because column-packing material is poraith a large surface area that is impermeable
to analytes, allowing the adsorption process taupgrimarily in the liquid phase [148]. The

retention mechanism for proteins can be consideasdadsorption of the analyte at the
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hydrophobic stationary surface described aboviopagih the mechanism of retention for proteins

may be altered as a result of changes in protgifocmation during RP-HPLC analysis [161].

The partitioning and the adsorption models aresexés in a spectrum of all possible mechanisms
of retention and the overall retention of analyteslue to a complicated process of different

interactions occurring simultaneously in RP-HPL@g1148].

The organic modifier used in a mobile phase cam ladsadsorbed at the stationary phase interface
thereby forming a thick layer suggesting that a ifidl model may be necessary to explain the
retention process. In the first stage of the preces analyte partitions between an adsorbed
organic layer and the bulk mobile phase and sulesety) the analyte is adsorbed onto the
surface of the stationary phase [148]. Jaronie6][pBoposed a partition-displacement model in
which the formation of the solvent-surface statignzhase occurs via a displacement mechanism
and the distribution of the solute between the hecdnd stationary phases follows partitioning of

an analyte between the stationary and mobile ptafsesystem.

Differential migration of analyte(s) is influencdualy variables that affect the interaction(s)
between the analyte of interest and either thdéostaty and/or mobile phase. The retention
process is a complex system that is affected byerakvfactors, including mobile phase
composition and the nature of the organic modifiethe mobile phase [146,162,163], flow rate
and temperature [163,164], pressure [146], presehsalts, buffer molarity and pH [146,165].

Several methods and relationships have been usstbtolarity on the mechanism of retention in
RP-HPLC systems. A semi-logarithmic relationshipwh in Equation 2.2 has been applied to
describe analyte retention in binary RP-HPLC systemhere the relationship shows a linear
dependence of the logarithm of the retention faétorlogk’) and the composition of the mobile

phase®, [166,167].

logk'=logk, — Sb, Equation 2.2
Where,
k' = isocratic capacity factor
@, = volume fraction of organic modifier
k.= extrapolated value of k’ wheh, =0
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The limitation of this method is that the relatibipsthat exists often deviates from linearity as th
aqueous component exceeds 9G8p € 0.1) and is only linear when the volume fractafrthe
organic modifier is between 0.2 — 0.8. Howevers thmitation is overcome by use of a quadratic
function that is shown in Equation 2.3, of the nelphase composition to represent log
[168,169].

logk'= A®? + B®, + E|/®, +logk’,, Equation 2.3
Where,
k' = isocratic capacity factor
@, = volume fraction of organic modifier at high voie fractions (>0.8)
@, = volume fraction of organic modifier (between 6.9.8)
\ @, = volume fraction of organic modifier at low volerfractions (<0.2)

ky = extrapolated value of k' wheh, =0

Linear free energy relationships have also beed [1s#0-173] to describe retention mechanisms,
although the major limitation of this method of degtion is that a large amount of retention data
is necessary for the calibration of a chromatogapiistem and some solutes deviate from the
model [174].

Quantitative structure-retention relationships (@p8ave played an important role in predicting
the retention characteristics of solutes in RP-HRI®@d explaining the retention mechanism in
these systems [150,175,176]. This has improveditiaerstanding of retention mechanisms and
the selectivity in RP-HPLC. QSSR are useful in g the retention characteristics of a new
solute, identifying the most informative descrigtaand gaining insight into the mechanism
operating in RP-HPLC, evaluation of physicochemmalperties of analytes, and the prediction

of relative biological activities within a set @&fst drugs [150].

2.2 LITERATURE REVIEW

Prior to the development of a specific HPLC metlfimdthe analysis of OT, a literature review
was conducted and the published conditions usethéoanalysis of OT are summarised in Table

2.1. The initial conditions used for the developinginthe HPLC method for use in these studies

were based on the data presented in Table 2.1.
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Table 2.1 HPLC methods for OT analysis

Column Mobile phase Flow rate Detector Retention Reference
time
NucleosiP Cig, 5 um, 100 X 4.6 mm 35% v/v ACN in 0.83 mM phastehbuffer, pH = 2.5 ml/min uv 8 min [124]
5 containing 0.05 % sodium tetradecyl sulphate.
Partisi SCX, 10 pm, 10% v/v MeOH in 20 mM in phosphate buffer, pH).5 ml/min UV 209 nm 18 min [177]
250 X 4.6 mm =5
Column RP 18, 10 um, 250 X 4.6 mm 18% v/v ACN i@Vl phosphate buffer, pH=7 2.0 ml/min UV 210 nm miR [8]
Nucleosif Cg, 5 pm, 20% v/v ACN in phosphate buffer, pH = 7 2.0 ml/min UV 210 nm 5 min [178]
150 X 4 mm
Spherisor S5 ODS, 5 pm, 75 X 3 mm 17.5% v/iv ACN in boratéfdr, pH = 10 1.0 ml/min UV 220 nm 2.5 min [178]
Nucleosif’ Cyg, 10 um, 20% v/iv ACN in 67 mM phosphate buffer, pH =7  4.Bmin UV 210 nm 4 min [122]
150 X 4 mm
ZorbaxX’ TMS, 5 pm, 250 X 4.6 mm 18% v/v ACN in 50 mM phbate buffer, pH =5, 1.0 ml/min UV 210 nm 15 min [123]
internal standard ethyl hydroxyl benzoate
LiChrosophe(P 60 RP-select, fm 18% v/v ACN in phosphate buffer pH = 2.1 1.0 ml/min UV 220 nm 10 min [121]
Partispher® Cyg, 5um, 125 X 4.6 mm 21% viv ACN in 0.1 % phosphoric acid 1.3 ml/min éilescence ex 250 12 min [179]
em
RP & (Merck) 10um, 250 X 3 mm 20% v/v ACN in phosphate buffer pH =7 1.47 ml/min Fluorescence ex 390 6 min [180]
em
RP-Gg (e.g. Shandon Hyper$8), 5pum, A: 50% viv ACN 1.0 ml/min UV 220 nm 8 min [125]
125 X 4.6 mm B: 100 mM sodium dihydrogen phosphate
Gradient: 30% A to 60% A in 30 min
Alltech Hypersif ODS, 5um, A: 100mM sodium phosphate monobasic with pH1.5 ml/min UV 220 nm 10 min [120]

120 X 4.6 mm

Beckman UltrasphefeODS, 5um,
150 X 4.6 mm

varied from pH = 3.1 to pH = 4.5
B: 50% v/v ACN
Gradient elution
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The analysis of OT in both biological samples atdrmaceutical dosage forms has been
performed on silica support columns, witR &d Gg columns being used most frequently,

although ion exchange columns such as P&®&X columns [177] have also been used.

The most commonly used organic modifier that hasnbesed is acetonitrile (ACN) [119-
123,125,178], although methanol (MeOH) has alsmhesed [177]. The content of organic
modifier content is usually relatively low and raogrom between 10 — 35% v/v ACN [124].

The use of ion-pairing reagents in RP-HPLC for wsial of peptide containing samples has
been recommended as they result in improved peagesh[181]. The use of an ion-pairing
reagent, sodium tetradecyl sulphate, has beentegbtor the analysis of OT in dosage forms
[124], but the use of ion-pairing reagents hasaavback of producing long equilibration times
and the need for removal of salts from a columerahy also reducing the column life span
[182]. The majority of published methods summarigedable 2.1 did not support the need for

use of an ion-pairing reagent in analysis of OT [@am

OT is an amphoteric molecule (8§ 1.2.5) and buffesgdtems are used for the successful
analysis of OT using RP-HPLC systems. Phosphatetbat pH of between pH =5 and pH =7
have most commonly been reported [122-124,177,808due to the stability of OT in this pH
range (8 1.3.2), although a borate buffer at pH+hds also been successfully used [178].

HPLC with UV detection is the preferred method pélgsis for many assays as its use is well
documented in the scientific literature [119-128f1and official compendia [10,11]. In
addition, the use of fluorescence [179,180] andlaroatric detection [117] has also been

reported.

2.3 EXPERIMENTAL

2.3.1 Reagents and Materials

OT was obtained from PolyPeptide Laboratories s(Poague, Hostivar-Czech Republic) and
Inter-Chemical Hongkong Ltd (Shenzhen, China). pbéncies of OT used in these studies
were 541 IU/mg and 470 IU/mg, respectively. Methydroxybenzoate (MHB) and propyl

hydroxybenzoate (PHB) were obtained from Sigma i8kd(St Louis, MO, USA). Acetonitrile
(ACN) (HPLC grade, far UV) was purchased from Rohtd, (Cambridge, United Kingdom).
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Sodium hydroxide pellets and ortho-phosphoric d88% w/w) were obtained from Merck
Chemicals Ltd, (Modderfontein, South Africa). HPlgEade water was purified using a Milli-
Ro® -15 Water purification system (Millipore, BedfortA, USA), which is made up of a
Super-€ carbon cartridge, two lon®Xion-exchange cartridges and an Organ&xe@rtridge.
The water was filtered through a 0.22n Millipak® stack filter prior to use (Millipore,
Bedford, MA, USA). Syntocindh (Batch Number S0042, Novartis, Johannesburg, South
Africa), a locally available dosage form of OT at@ncentration of 10 1U/ml was purchased
from a local pharmacy. All reagents were used wittfarther preparation and were at least of

analytical reagent grade.

2.3.2 Preparation of Stock Solutions

Approximately 10 mg of OT (541 IU/mg) was accuratekighed, transferred into a 100 ml A-
grade volumetric flask, and made up to volume VHIALC grade water to produce a final
concentration, in solution of 54.1 IU/ml. The stard stock solution was used to prepare
calibration standards in the concentration rangel® IU/ml by serial dilution using A-grade
glassware. Standards were prepared by serialahlat the standard stock solution to produce
solutions of 1, 2, 4, 6, 8, 10, and 12 IU/ml foewshen assessing OT content in pharmaceutical
dosage forms. Standards for the optimised method prepared from a 1 1U/ml stock solution
of OT to produce solutions of 0.05, 0.1, 0.2, 0.3, and 0.5 IU/ml.

A stock solution of internal standard was prepaedollows; approximately 5 mg of MHB was
accurately weighed and dissolved in 200 ml of HRir@de water using a 200 ml A-grade
volumetric flask, to produce a concentration ofy@dml. Then, 6 ml was pipetted using an A-
grade pipette, into a 20 ml A-grade volumetric Klasxd made up to volume with water to

produce a solution of a concentration, approxingate25ug/mil.

2.3.3 Preparation of Buffer Solutions

80 mM buffer solutions were prepared by pipettinge® ml of 85 % w/w ortho-phosphoric
acid into a 1000 ml A-grade volumetric flask. Apxiroately 500 ml of HPLC grade water was
added and the pH was titrated to pH = 5 with sodinymiroxide pellets using a Crison Model
GLP 21 pH meter (Crison Instruments, SA, Barcel@ain) to monitor the pH. The volume

was made up to 1000 ml using HPLC grade water.
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2.3.4 Preparation of Mobile Phase

Appropriate volumes of buffer and ACN were measwseparately using A-grade measuring
cylinders. The individual components were then mixe a 1000 ml SchdttDuran bottle
(Schott Duran GmbH, Wertheim, Germany). The mopiiase was filtered and degassed under
vacuum, after mixing, using an Eyela Aspirator A-2&cuum pump (Rikakikai Co., Ltd,
Tokyo, Japan) and a MillipofeHVLP 0.45um filter (Millipore, Bedford, MA, USA).

2.3.5 HPLC System A

The method for OT analysis in pharmaceutical dosages was developed and validated on
HPLC System A. The modular isocratic HPLC systemsigied of a Spectra-Physics Isochrom
LC pump (Spectra-Physics Inc., San Jose, CA, USApters WISP 712 autosampler
(Millipore, Waters Chromatography Division, MilfarlA, USA), Linear UV/VIS-500 Model
6200-9060 detector (Linear Instrument Co., CA, US#&d a Perkin Elmer 561 strip chart
recorder (Perkin Elmer Instruments LLC, Shelton,, GTSA). A Phenomenex Hyper3il
column, 5 um, 4.6 x 150 mm (Phenomenex, Torrand®, OSA) was used at ambient
temperature (22 °C). The separation was conductederuisocratic conditions with UV

detection at 220 nm. The volume of injection wagi2@nd a flow rate of 1.5 ml/min was used.

2.3.6 HPLC System B

HPLC system B was used for the optimisation of #malytical method for use in the
subsequent development of ianvitro release test method for OT and iheitro assessment of
OT dosage forms. HPLC System B differed from Systerit consisted of, a Model P100 dual
piston solvent delivery module (Thermo SeparatioodBcts, San Jose, CA, USA), a Model
AS100 autosampler (Thermo Separation Products, Bme, CA, USA) fitted with a
Rheodyne® Model 7010 injector (Rheodyne, Reno, Nay&SA) and a fixed volume 230
loop and a GASTIGHT® 25@1 Model 1725 syringe (Hamilton Co., Reno, NV, USAata
was collected using a Spectra Physics SP 4600ratteg(Thermo Separation Products, San
Jose, CA, USA). The detector and column used feramalysis was the same as that used in
HPLC System A (§ 2.3.5).
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2.4 METHOD DEVELOPMENT AND OPTIMISATION

2.4.1 Introduction

The initial step in the development of an analytizeethod is to consider the nature of the
sample that is to be analysed, including the chalnmstructure and acidic/basic nature of the
analyte, the presence of impurities, degradatianlycts and any compounds that may interfere
with the analytical procedure [183-186]. In additithe intended purpose or use of the HPLC
method has also been considered in the developstagés [185,187-189] as this is directly

related to the desired sensitivity and range ofiedytical method that must be developed.

Traditional means of method development and opétite have focused on selecting the initial
conditions based on the literature or by assesbmgature of the molecule to be analysed and
predicting the most appropriate initial conditidos an analysis. The method is then optimised
by determining the effect of operating variableghsas organic modifier content, type of
organic modifier, column type, and temperaturehanresultant separation [183].

Current trends in the development of analyticalhods depend on the application of automated
column selection systems that can be used to cargpaeries of HPLC columns varying in
hydrophobicity and silanol activity, in combinatiovith computer software such as Dryffab
software [190-192] and ChromSw®&rdptimisation software [193]. The basic strategyolnes
automated screening of various columns and molikesg@ combinations initially, and then
selection of the best starting conditions for thpasation and finally, the optimisation of that
separation [193]. Another example of current tremdsnethod development is a three-step
method development/optimisation strategy for phaeuticals including a multiple-
column/mobile phase screening test, which usedwameeswitching device and allows further
optimisation of the separation by using multiplganic modifiers in a mobile phase. Multiple-
factor method optimisation, where several aspagsihanged simultaneously, is also possible
with automated systems [194]. Intelligent softwaneh as LabExpétt which operates in real-

time for analytical method development has alsommscribed [195].

Analytical procedures for use in quality controldaiormulation development studies should
have relatively short run times in order to allowltiple analyses to be conducted in as short a
time as possible. A run time for each sample shgalierally be less than 20 min although run

times between 5 — 10 min are preferable for thespgses to expedite analyses [183].
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2.4.2 Challenges in RP- HPLC Analysis of Proteinsnal Peptides

RP-HPLC analysis of biomolecules such as protemaspeeptides can be a challenge as there are
often problems associated with analytical systeath sas excessive band broadening, peak
tailing or mis-shaped bands, low recovery, ghoakpend the appearance of one protein in two
or more distinct bands [196]. Understanding theaotmf process variables in RP-HPLC can

help minimise or eliminate these undesirable e$fect

The analysis of biochemical entities such as peptighroteins, and oligonucleotides by RP-
HPLC pose different challenges as compared to rilagysis of small chemical molecules since
they have larger hydrodynamic radii and differamdtionalities in the molecules that may
result in different interactions with RP-HPLC stetary and mobile phases. These factors must

be considered in the development of an analytieghod for proteins and peptides [183,197]

2.4.3 Column Selection

A description of the relevant physicochemical prtips of OT was reported in Chapter 1 and
reveals that the molecule is a peptide, with a mdé weight of 1007.23. OT has free amino
and acidic phenol groups, making it an amphotertecule with an isoelectric point at pH =
7.7. This fact is important since the separatiorOdf is dependent on the pH of the mobile

phase and elution in RP-HPLC can be modulated &ytasence of buffers.

2.4.3.1 Column Packing and Stationary Phases

Stationary phases used in RP-HPLC are primarilyaradda silica backbone that is chemically
bonded to various aliphatic functional groups swash methyl, butyl, octyl and octadecyl,
although other functional groups such as —pherydnao, amino, diol and hydroxyl have also
been used [142,143,145]. The stationary phaseyically prepared by covalently bonding an
organosilane with the relevant functional groupooat support surface producing siloxane
linkages (Si — O — Si — R) between the silica supaod organosilane [183].

Silica based bonded phases dominate the sepaddtmoteins and peptides [198-202]. Peptide
separations are frequently achieved qg @Ilumns, but protein separations are carried aut o
Cz;and G columns [203]. Different types of stationary ptat®at may be used in RP-HPLC for

protein and peptide separations include micropgdic stationary phases and gigaporous

packings, which increase the efficiency of biomalac separations [197].
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There are several advantages of a silica backbamstdtionary phases that have made it the
most widely accepted and used stationary phaseosufdi83]. Advantages include the fact that
the support consists of porous silica particle$ tam be prepared in a wide range of pore and
particle sizes, thereby increasing the variety @timns that can be produced. This allows for
the separation of a wide variety of molecules vdiberse molecular weights, increasing the
utility of RP-HPLC columns. In addition, the siliteckbone can be attached to a wide variety
of functionalities, thereby further enhancing thpplacability of RP-HPLC in a wide range of
analytical applications [183].

One of the primary advantages of silica as a suppdP-HPLC is its mechanical strength that
enables tight packing of stationary phase bedstelye increasing the surface area for
interaction of analytes and subsequent retentionaddition, tightly packed beds allow the
column to withstand the high-pressure conditiorst #re usually encountered in RP-HPLC
[204]. Furthermore, silica does not swell or shrimtken exposed to organic solvents making it
inert under these conditions. Importantly, the piibn and bonding chemistry for silica

supports is also reproducible, well understood amh be performed with different

morphologies to give a wide variety of stationahages, increasing the applicability and the
diversity of molecules that can be separated WRIR¢IPLC [183,204].

Column failure in RP-HPLC may occur because ofwthmerability of silica-based stationary
phases to deterioration effects. One of the magadyantages of silica support materials is the
instability of silica and chemically modified sidicas a function of pH. The typical operating
range of such stationary phases is between pHrdDH = 8, where only slight dissolution of
the stationary phase occurs [205]. The organimtigaof most of the currently manufactured
stationary phases are covalently bonded to theass#iurface by mono- or polyfunctional
siloxane bond(s) (Si — O — Si) [183,206]. In acidiedia, siloxane bonds in silica support
stationary phases undergo hydrolysis and releasedorgano-silane from the stationary phase
surface, resulting in elution of this organic myidtirkland et al [207] showed that the main
mechanism resulting in the degradation of silicapsuit stationary phases at low pH is due to
the hydrolysis of the covalently bonded Si — O -eigjanic ligands. This loss of bound silane in
the stationary phase increases the populationrédcisilanols and results in a decrease of the
retention of neutral and/or low polarity soluteshiethh would otherwise be retained on the
hydrophobic stationary phase. With the increasnface silanols, organic cations usually elute
with increased peak widths and greater peak asymirfid1]. The mechanism of deterioration

changes above a pH of approximately 7, where tlssotiition of silica is substantially
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accelerated causing an impairment of the silicklbawe. The resultant effect is a reduction of
theoretical plate numbers and column efficiency famally column clogging [207].

Another disadvantage of silica support columnsuse in RP-HPLC is the strong affinity of
such phases for strongly basic compounds, whicknofésults in unsatisfactory separations,
with poor resolution, peak asymmetry, and subsatbpgak tailing [205].

Despite the major disadvantages of silica, a sbiased column was found to be appropriate for
the development of an analytical method for OT.sTHecision followed considering the
properties of this type of packing and reviewinglmhed analytical methods of OT, which
have used silica columns for the analysis of OTadidition, the pH range within which the
separation of OT was to be undertaken would nosedhe degradation of the column and

therefore the life span of the column is unlikedyoe negatively affected.

2.4.3.2 Internal Diameter and Length

The internal diameter (i.d.) of a column plays apértant role in the performance of that
column. Separations for proteins and peptides haea mostly achieved on columns of i.d. of
between 3 — 5 mm, although narrow bore columns digimeters of between 0.5 — 2 mm are
gaining significance and even microbore columnshwiiameters less than 0.5 mm are
considered useful [197]. Microbore columns of 11 md. have been used [208,209] and found
to have greater efficiency allowing for the detectdf low concentrations of analyte. However,
the primary disadvantage to smaller i.d. columrbkas for the same column length, a microbore
column will require a larger inlet pressure thaattrequired by a wider column [143] and this
has detrimental effects on both the column andstteent delivery module reducing their life
span [145].

Peptide and protein separation is normally cardetiunder gradient elution conditions using
short columns with high velocity flow rates. Howevprotein separations have been achieved
using columns as short as 3 — 5 cm in length amlidee separations can be achieved on

columns between 10 — 25 cm in length [197].

An appropriate column diameter that allows for adgq separation efficiency and a reduced
column backpressure, with reduced deleterious tsftecthe column and the HPLC system that
is regularly used is usually of 4.6 mm i.d. and018m in length. A column with these

dimensions was selected for the analysis of OT@sygromise on the factors discussed above.
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2.4.3.3 Particle Size

The particle size of a stationary phase affectsetfficiency of a separation for protein and
peptide samples. Smaller particle sizes have grsefmration efficiency as compared to larger
particles due to the associated increased surfaeefar adsorption and interaction. Moreover,
the separation of bio-molecules results in smatliete numbers and smaller particles are
usually required to ensure a good separation ieaett [197]. A decrease in the particle size of
the packing material results in an increase indfficiency of separation and a decrease in
analysis time, with a consequent increase in colbavkpressure [210]. Particle sizes of 5 um
are routinely used for biochemical sample analys83] and therefore a column with these

dimensions was selected for use in these studies.

2.4.3.4 Pore Size

In RP-HPLC, the interaction between an analyte thedstationary and mobile phases governs
the retention mechanism of that solute as discuss&d2.1.2. The pore size of the stationary
phase material dictates the extent to which anahgkecules penetrate/interact with the interior
of that phase. Large molecular weight moleculesiiregarger pore sizes to prevent restricted
diffusion, which is likely to occur if the columropsity is of the wrong dimensions [183]. For

peptides that contain more than 50 amino acid wesidcolumn packings with pore sizes of
between 250-350 A are essential. For a molecule avinolecular weight of less than 2000 Da,
a pore size of 100 A is acceptable [183]. OT hasotecular weight of 1007.23 Da, with only

nine (9) amino acids and therefore a column wittoee size of 100 A is appropriate for the

analysis of this nonapeptide.

2.4.3.5 Column Selection

The column selected for use in the developmenndrelytical method for the analysis of OT
was a bonded phase silica column. The column thatselected was a Phenoméhelypersil
150 X 4.6 mm i.d. (Phenomenex, Torrance, CA, USAthva 5um particle size stationary

phase and 100 A pore size.
2.4.4 Method of Detection
Following the separation of analytes from a coluspgcific and sensitive detector systems are
required for the quantitation of an analyte of iegt. An electronic signal generated as a result

of changes in a detector response due to the mesahanalytes is produced and this is

recorded as a peak on a chromatogram [211].
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Detector systems that have found application in HERC include UV/VIS,
spectrofluorometric, diode array, electrochemiaat] refractometer detectors and more recently
mass spectrometers have been used [183,212]. Hyyguksystems such as HPLC-MS and
HPLC-NMR, which couple other analytical techniqguesHPLC are also gaining recognition
and increase the sensitivity and utility of RP-HPB@alyses allowing for complete peak

identification and characterisation [212,213].

The UV/VIS detector is the most versatile detecteed in HPLC for analysis of proteins and
peptides at wavelengths of 210, 220, and/or 280evabsorption maxima are observed [183].
In addition, a large number of compounds are capabldetection by UV absorption in the
wavelength range of 200 — 400 nm further extendiegapplicability of this type of detector in
HPLC analysis [183]. UV/VIS detection is not alwaigkeal as it lacks specificity but the
method is extensively used since it produces atimesponse, allows for accurate calibration
and the use of a single standard to calibrate #tection system following validation [212].
Another challenge in the use of UV detection footpin and peptide analysis is that UV
spectroscopy can only be applied to a small rang@rotein concentrations if no other
absorbing components that may interfere with dietectre present in the solution being
analysed. The use of diode array detection in tMedhge overcomes the lack of selectivity of

this method, but is less sensitive in comparisocotoventional UV/VIS detection [214].

The detection of OT has mainly been achieved usi¥if)/IS detectors set at a wavelength of
220 nm as shown in Table 2.1. The selection ofatheelength for the detection of OT in this
system was 220 nm since the UV absorption specstumwn in Figure 1.4 shows a region of
increased absorbance at this wavelength, whichestgr than th&,., of approximately 280 nm

that was observed in the spectrum.

245 Temperature

Temperature is also an important variable for pnodé@d peptide sample separations [215-217]
ultimately affecting the selectivity, column eficicy and sample run times in RP-HPLC.
Temperature ranges for effective separations deprse and peptides can vary from 20 °C to 60
°C [216,217] or even 90 °C [196], where higher temapures were found to increase the
recovery of an analyte. In addition, increasing traperature also decreases bandwidths and
lowers column backpressures. However, elevated deaityres result in a decrease in the life

span of alkyl silica-based columns such g Gg. The instability of silica columns to high
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temperatures that may be used in RP-HPLC sepasatias been overcome by the availability
of modified columns, resistant to the detrimentédas of high operational temperatures [196].

Temperature has been found to impact on the comfitomof proteins and affecting the quality
of the chromatogram produced. Cotedral [218] demonstrated these effects for ribonuclease
which shows asymmetric peaks when analysed at émapératures and shows a significant
improvement in peak shape with increased tempeasiturhis was due to a change in the
conformation of the protein during HPLC separatiand the denaturation at higher
temperatures. At lower temperatures, a dynamic liequim between the different

conformations of the molecule results in poorlypsthpeaks.

The use of elevated temperatures may offer advestégr the separation of proteins and
peptides due to an increase in the kinetic andspran properties of the analytical procedures
for biomolecules [197]. There is also a decreasthénviscosity of the mobile phase at higher
temperatures, which increases the diffusivity afjdamacromolecules such as proteins and
increases the efficiency of the separation [197].

The analytical methods for OT, reported in Tablg, ZIo not indicate the use of elevated
temperatures. OT is a small peptide and is unlikelguffer from a change in conformation as
described for the ribonuclease assay [218]. Smgiitiges respond in a similar manner to
individual amino acids and with an increasing numiieamino acid residues, the secondary,
tertiary, and quaternary structures become inanggsiimportant and affect the retention
behaviour of the compounds in RP-HPLC analysis J20I has only nine (9) amino acids,
therefore conformational changes are unlikely tgdnt on the retention mechanism and
characteristics of the molecule, and thereforeeti®eno need for use of elevated temperatures to

improve separations during OT analysis.

The use of a constant temperature increases thestr@ss of an analytical method and it is
therefore important that a column oven be usedderato ensure that the separation is achieved
under constant temperature. However, the use @iraconditioned laboratory with a constant
temperature is acceptable and ensures the rephiiycof retention times and quality of
separation [220]. The method for OT analysis wageliped under ambient conditions of 22
°C.
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2.4.6 Quantitative Measurement

Calibration curves of detector responses to staisdare used to quantitate samples in analytical
procedures, where the concentration or amount kfimmn analyte can be extrapolated from an

appropriately constructed calibration curve [183].

Either peak area and/or peak height responsesecamhitored in quantitative analysis by RP-
HPLC. The peak area is determined by the sum afdiNVidual responses of sample molecules
over a given period from the start to the end ef fleak, but the peak height is determined by
the maximal concentration of a sample that passesigh the flow cell [183]. The maximum
concentration that can be monitored is dependartheramount of band spreading that may
occur on a column during chromatography while thakparea is independent of the amount of
band spreading, as it measures all the componeasgm in a system. However, peak area is
influenced by the time that it takes the molecutegpass through the detector flow cell and
varies if there are changes in the flow rate asflive cell transit time changes [145,183].
Fluctuations in mobile phase flow rates resulthia tomponents of a sample moving along a
column and into the detector flow cell at differepeeds and this is reflected on a recorder that
traces a chromatogram reflecting sample conceotratiersus time. The peak remains
approximately the same height, but becomes broasléhere is an increase in the number of

particles passing through the flow cell as a fuorctf time [183].

The extinction coefficient can be used to quari@talytes in RP-HPLC with UV detection.

Once the extinction coefficient of an analyte ised@ined with an appropriate standard, future
measurements can be related to the extinctioniceeft, negating the need for the preparation
of calibration standards [214]. The use of a respdactor calculated from different parameters
including the extinction coefficient, detector reape in millivolts (mV), and the absorbance for
protein and peptide analysis has been proposedt®riEin [214]. This method was found to be
at least as accurate as using a peak area caibative for sample quantitation.

Due to the possible variability of flow rate anck thverall constant response of peak height as

opposed to peak area, peak height was selectdte gweferred parameter for all quantitative

analyses of OT in these studies.
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2.4.7 Mobile Phase Selection and Flow Rate

The efficiency of a RP-HPLC separation depends eneral factors, including the use of an
appropriate mobile phase, since the interactiobsdsn an analyte and a stationary phase also
depend on the interaction of the analyte with thebile phase as described § 2.1.2.
Intermolecular interactions between these threerdgcting variables in RP-HPLC are of
paramount importance in order to achieve a suadessid possibly rapid separation in an
analytical method. Polarity is important in the eitction, for example, if the sample
components and the mobile phase have polaritigsatfeasimilar, there is likely to be poor
retention and the components will be eluted rapitiyRP-HPLC, the most polar component(s)
will be eluted first as there is little or no irdetion with the stationary phase and an increase in
the polarity of the solvent will result in an ines2 in the elution time for non-polar analytes
[221].

Mobile phases for protein and peptide samples lysoahtain ACN in gradient elution systems,
with the use of low concentrations of trifluoroacedcid to maintain mobile phase pH at < 2
[196,203,216,217].

lon-pairing reagents such as the alkylsulphonatéhjoroacetic acid and triethylammonium
phosphate (pH = 4) may be used as mobile phaséveddior protein and peptide separation
[222]. These additives increase the hydrophobictypeptides and proteins by forming
uncharged entities through ionic interactions, ébgrincreasing the interaction of otherwise
polar molecules with a stationary phase resultimgsharper and more symmetrical peaks
[181,196]. The use of ion-pairing reagents for @ialgsis is not widely advocated as reported
in Table 2.1 and discussed in 8 2.2 and therefwe® tise was not considered since successful

separations have been achieved without the useesétagents.

2.4.7.1 Choice of Organic Modifier and Appropri@eaffer

The mobile phase selection process for RP-HPLCllysinvolves an assessment of various
solutions of MeOH and/or ACN that may or may nobbdfered. It is important that the mobile
phase of choice does not absorb UV radiation atvinelengths used in analytical procedures,
and that the minimum wavelength that can be usdtieocut-off wavelength of the solvent of
choice is known. This is because the use of wagé#hsnbelow the cut-off wavelength will

result in the mobile phase absorbing UV light thgreoreventing accurate detection of the

39



analytes of interest. The UV cut-off wavelengthA€€N and MeOH are 190 nm and 205 nm,
respectively [183].

ACN is a less viscous solvent than MeOH and theeefesults in comparatively lower column
backpressures that arise due to the difficultyumping viscous liquids through the analytical
column [183,220]. The differences in retention hétar of molecules when using ACN or
MeOH is a function of their different properties agueous media, more specifically, their
ability to form hydrogen bonds with water. MeOHaisle to form hydrogen bonds by accepting
or donating protons but ACN is unable to do so #mal difference in the ability to form
hydrogen bonds with water affects the efficiencyaafeparation and the retention mechanisms
of analytes of interest [155]. Differences in theeraction of ACN and MeOH with water result
in the production of sharper peaks with ACN coritagrmobile phases and lower percentages
of ACN are required in RP-HPLC separations dugdaomparatively higher elution strength
[220]. Other benefits when using ACN include lowetvent consumption in comparison to the
use of MeOH and better resistance of silica statipmphase gels to dissolution in an ACN-
based mobile phase as compared to MeOH-based npitakes [220]. ACN appears to be the
organic modifier of choice for OT separations (EaBl1) and the benefits of using ACN as an
organic modifier resulted in its selection as thganic solvent of choice for the mobile phase

for OT chromatographic analysis.

In some cases, it is important to use a buffer aseans of controlling the pH when the
separation of acidic and basic compounds is urkkmtadn general, buffer concentrations in the
region of 25 mM are considered as suitable for FR-El analyses. The UV cut-off wavelength
of phosphate buffers is < 200 nm, which makes iidaal buffer system as it does not absorb

light at the longer wavelengths that are normadigdifor the analysis of drug molecules [183].

Column stability is also of importance for the asé8 of peptides since mobile phases of low
pH are commonly used to effect the separation pfiges. The use of a low pH may result in
the instability of the silica based stationary h§s45,183] (8 2.4.3.1). The stability of the
stationary phase was not of major concern for thayais of OT since the pH range of the
mobile phases that have been reported for the sisady OT were between pH =5 and pH =7
(Table 2.1, § 2.2).
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2.4.7.2 Mobile Phase Composition

The initial mobile phase composition that was geld#dor use was based on literature data
[122,178] and was comprised of 20% v/v ACN in 67 niosphate buffer, pH = 7. The
influence of changing ACN content on the retentiiome and the peak shape of OT was then
monitored. In addition, the impact of flow rateslofl/min and 1.5 ml/min on these parameters
was also assessed. Figure 2.1 shows the impalee afhianges in mobile phase composition on

retention time.
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Figure 2.1 The effect of changing ACN content and flow rat¢herretention time of OT

It is clear from the data shown in Figure 2.1 timthe percentage v/v of ACN increases there is
a decrease in the retention time of OT. The deer@agolarity of the mobile phase as ACN
content increases results in the preferential o@ming/adsorption of the drug into the mobile
phase as compared to compositions with lower ansoainbrganic modifier, favouring elution
of the molecule. This is despite the polar natdréhe drug, since OT has a carbon backbone
that provides non-polar characteristics to the mdk The retardation of elution of proteins
and peptides in RP-HPLC has been explained basettheosolvophobic theory [152]. The
interaction of the non-polar portion of the molecwith the hydrophobic stationary phase is
promoted by the forces of attraction between thtostary phase and the molecule compared to
those between the solvent and the molecule [16f4§ ihcrease in the content of organic
modifier decreases the attractive forces between piptide and the stationary phase and
promotes the elution of OT in RP-HPLC [161]. Fig@r& shows the effect of changing the flow
rate on the peak shape and height of OT using mgdfibses containing 18% w/v ACN and

23%w/v ACN as examples.
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Figure 2.2 The impact of changing flow rate on the peak skaptheight of OT using 18 % v/v ACN (A)
from 1 ml/min (4) to 1.5 ml/min (4) and using 23 % v/v ACN (B) from 1 ml/min)(® 1.5 ml/min (B
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It can be seen that the faster the flow rate oftlobile phase, the faster the elution of OT from
the chromatographic system. The peaks produced tihhenslower flow rate were broader than
those from 1.5 ml/min, as shown in Figure 2.2, imcl the peak shapes obtained for mobile
phase compositions containing 18% v/v ACN and 23%ACN for the different flow rates,

respectively, can be compared.

Peak symmetry for the different mobile phase comjpos and different flow rates was
compared using the peak asymmetry fagigrmeasured at 10% of full peak height and the
peak-tailing factor (PTF) measured at 5% of fulblpdeight. Excellent columns give an A
value of between 0.95 and 1.1 although values bfs<are acceptable. PTF values of between
1.0 and 1.4 are also acceptable [183]. The relstips of PTF andAs are schematically
illustrated in Figure 2.3.

Peak asymetry factor = B Peak tailing factor=A + B
A 2A
Al B
10% of , \ 5% of
peak height | \ | peak height

Figure 2.3 Peak asymmetry and peak tailing factors (adaptechff183])

The A and PTF values for the mobile phase compositioistie flow rates that were used to
assess the peak symmetry are reported in Tablan2l 2herefore allowed for the selection of a

mobile phase composition for further optimisation.

Table 2.2 Peak asymmetry and tailing factors for OT forefi#nt mobile phase compositions

ACN content (% V/v) 1 ml/min 1.5 ml/min
Aq PTF A PTF

18.0 1.17 1.28 111 1.17
20.0 0.97 1.17 1.05 1.10
215 0.93 121 0.97 1.08
23.0 1.10 1.38 0.96 1.15
25.0 1.18 1.29 0.91 1.27
30.0 1.27 1.33 0.89 1.44
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The mobile phase flow rate affected peak shapdrandetention time of OT. As the flow rate is
reduced, the analyte of interest takes longer $3 flarough the detector cell and the peaks that
were observed are broader than peaks observed weiay faster flow rates (Figure 2.2) [145].
OT peaks that were observed at the higher flow ed$® indicated improved symmetry,
compared to the lower flow rate. However, the usdigher flow rates resulted in higher
column backpressures, which may be deleteriousetgdlvent delivery module and column and
thereby may reduce the working lifetime of thesgtem components. The column backpressure
resulting when flow rates of 1 ml/min and 1.5 mifmvere used, was monitored, and compared
over a period of 3 days. A flow rate of 1.0 ml/mesulted in a column backpressure of 958 +
42 psi and at the higher flow rate, a pressure2#f61+ 56 psi was observed. Although this
pressure was higher, the backpressure was notdaevedito be excessive and would more than
likely not result in excessive damage to the colamd/or pump and therefore a flow rate of 1.5

ml/min was deemed acceptable for use.

For the separation of complex peptide and protaktures, lower flow rates are often desirable
as this results in better resolution of the pedkiaterest [183]. However since the separation of
OT in these studies is not complex, low mobile ehiéswv rates are not necessarily desirable or
required. The decision for the selection of the thfagourable mobile phase was based on an
appropriate retention time and the peak shape pestléipllowing introduction of the sample
onto the HPLC system. Shorter retention times arake of better shape were produced using a
flow rate of 1.5 ml/min as shown in Figures 2.1 &, respectively and summarised in Table
2.2. The most favourable retention times were akthifor mobile-phase compositions of 20%
viv and 21.5% v/v ACN at flow rates of 1.5 ml/m{6,8 min and 4.6 min respectively) and for
21.5% v/v ACN at a flow rate of 1 ml/min (7.2 mifjhe mobile phase selected for further
studies was therefore 20% v/v ACN in 67 mM phosphaitffer at pH = 7 as this composition

was easy to produce with suitable reproducibility.

2.4.7.3 pH

Acidic mobile phases are preferred for the sepamatif proteins and peptides, as acidified
media provide for the optimal interaction betweeptale residues and stationary phases used
for analysis. Acidic conditions result in the suggsion of silanophilic interactions between the
analyte of interest and the stationary phase. tlitiad, adjusting the eluent pH allows for
optimisation of the chromatographic selectivityaa$pecific method [131]. The pH of the buffer
used to produce a mobile phase in addition to ttimate pH of the mobile phase mixture has

an effect on retention times and peak shape inHHR-C. pH is particularly relevant for the
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elution of compounds that have ionisable functiagralups, such as weak acids and bases and
amphoteric compounds that have both acidic and fastctional groups. Changing the pH of a
mobile phase changes the ionisation state of tHeaules of a mixture, thereby altering their
polarity and hence their retention times. The éff#cpH on the retention time and the peak
shape of OT were investigated using a mobile pleasgposition of 20% v/v ACN in 67 mM
phosphate buffer. The results of pH effects omitéia time are depicted in Figure 2.4.
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Figure 2.4 The effect of changing pH on the retention tim©of

An increase in buffer pH resulted in an increasteretention time of OT, which is more than
likely due to a decrease in the polarity of the @dlecule. The ionisable functional groups of
OT are ionised at low pH values and as the pH aubres 7.7, the isoelectric point at which OT
is neutral is reached and the polarity of the mdkecs reduced and is therefore better retained
on a non-polar stationary phase. The pH chosefuftiner optimisation was pH = 5 as at this
pH, OT peaks were sharp and representative chrgnseits of OT under these conditions is
shown in Figure 2.5 with a retention time of appneately 5 min, which also shows OT peaks

at pH values, 6 and 7.
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Figure 2.5 The effect of pH on the peak shape for pH = 5 /)= 6 (B) and pH =7 (C),
using a mobile phase comprised of 20% v/iv ACNim# phosphate buffer
2.4.7.4 Buffer Molarity

The molarity of a buffer in a mobile phase also Aasffect on peak shape and retention time
and buffers of 50 mM, 67 mM, 80 mM and 100 mM sterwere compared to determine the

optimal buffer concentration to be used for HPLGlgsis. The effect of buffer molarity on
retention time is depicted in Figure 2.6.
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Figure 2.6 The effect of buffer molarity on the retention tiof®©T

As the buffer molarity was increased, there wasraesponding decrease in the retention time
of OT. This is in agreement with previously repdrtesults obtained following the analysis of
proteins, OT, and other nonapeptides [178,183] whhis is attributed to a corresponding
increase in the solubility of OT and other peptidssthe concentration of buffer salts in the
mobile phase increases. The increase occurs upngxanum, after which the solubility of OT
and other peptides in the mobile phase will deere@kerefore, the increase in the solubility of
OT in the mobile phase with increasing buffer corniion resulted in a corresponding
decrease in the retention time of OT as the pegtigion/distribution in the mobile phase
increased. Buffer strength affects the number ogim a mobile phase that are available to
interact with the eluent and as the buffer ionfersgth is increased, there is increased number of
ions in the mobile phase and therefore an incrededaction of the mobile phase with OT and

a resultant decrease in the retention time.

The selection of appropriate buffer strength wasetlaon the number of theoretical plates
calculated from the chromatograms following theation of samples onto the chromatographic
system and eluted with mobile phases containinfetaibf different molarities. The number of

theoretical plates may be useful in evaluating eeformance of an analytical column and
describes the ability of a column to produce shaaprow peaks with adequate resolution
between those peaks [183]. The theoretical platmben of a column is affected by the

diffusivity of a molecule in that column, which me@ases with an increased plate number [197].

A column with a length of 150 mm and a particleestiameter of 5um, should have a
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theoretical plate number between 10000 — 12008rfail molecules [183], although the Center
for Drug Evaluation and Research recommends thla¢@retical plate number of at least 2000
is acceptable [223]. The theoretical plate numloer@T under the specified conditions was

calculated using Equation 2.4 [183].

tR
W.
%

N =55

Equation 2.4

Where,
N = the number of theoretical plates
tr= the retention time of the drug
W, = the width of the peak at half the peak heighB]18

The results of calculation of the theoretical pledent for the column used in these studies and

obtained following the analysis of OT are showi able 2.3.

Table 2.3 The effect of buffer strength on the theoreticat@humber using a Hyper8itolumn for OT

Buffer strength (mM) Plate number
50 3745
67 4522
80 4766
100 2443

It can be seen from the data summarised in TaBl¢h2t as the buffer strength increases, there
is an increase in the theoretical plate numbenheftblumn, which was greatest when a buffer of
an ionic strength of 80 mM was used. Thereafteretle a decrease in the plate number. The
buffer strength that was chosen for further develept and optimisation was 80 mM at which

OT had a retention time of approximately 4.4 min.

The theoretical plate numbers obtained for the rnaolwsed for the analysis of OT in these
studies indicated that the column is operating Wwelbw the recommended efficiency level. It
should however be noted that the separation ofrtmtecules on such columns results in smaller
theoretical plate numbers. This is because of dediffusivity of the larger molecules in the
column, which affects the velocity at which the pwlles move along the column resulting in a
smaller plate number count [183,197]. The columrs wawever, found to be useful in
achieving the intended purpose since the columaorétieal plate number affects the resolution
of compounds and the resolution obtained for tkejgagation when an internal standard was

used (8 2.4.8) was found to be acceptable.
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2.4.8 Selection of an Internal Standard

Calibration in chromatographic test methods caradigeved by use of an external or internal
standard. In external standard methods, a stanslarhlysed on a separate chromatogram from
a sample and quantitation is based on comparistregieak height/area of a sample to that of a
reference standard. This method may be more apptepin analytical procedures with

single/narrow concentration ranges and simple sampy@paration procedures [183,223].

Alternatively, an internal standard may be used ioalibration method and in such cases, a
different compound with similar structural and picgghemical properties to the analyte is
added in known concentrations to the sample tort@ysed. The compound must be well
resolved from the peak(s) of interest and the mattiesponse i.e. either the peak height or peak
area, of the analyte of interest to that of therimal standard is used for the calibration plot and

all subsequent quantitative measurements [183,223].

The use of an internal standard is particularlyugble in quantitative analyses for
pharmaceutical [224-226] and pharmacokinetic sajd@27-229] and especially for the analysis
of samples that require significant pre-treatméat tmay undergo significant loss during the
preparation procedure, such as the case when amalyislogical samples. Furthermore, where
the expected concentration ranges are wide anoMoconcentrations of the analyte of interest
are likely to occur, the use of an internal staddmr recommended. Where variability of
instrument responses is prevalent, the use of srn@l standard is also recommended to
enhance the precision of such methods. Instrumestaation in HPLC analyses can be a
consequence of flow rate variability that in tuesults in variability in the detector response to
analytes of the same concentration. The use ofnssrnial standard compensates for the
variability in a method, thereby increasing thewsacy and precision of an analytical method
[230]. The relative responses of two compoumnis, a drug, and internal standard will remain
constant despite differences in instrumental operatnd use of an internal standard ensures

that the response that is measured is constaspécive of equipment operation [183,223].

In addition, to achieve adequate resolution betwaenanalyte of interest and an internal
standard, the standard must have similar retemti@nacteristics and times to the compound of
interest. An internal standard should also be aldsem the original sample matrix, available as
a high purity sample commercially, chemically séalind no reactivity with the analyte of

interest, the mobile and/or stationary phases dsedhe separation [183]. Furthermore, an
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internal standard must also exhibit similar ultcd®i absorbance patterns to the compound of

interest but need not necessarily be chemicallylaino the analyte [183].

The selection of an internal standard was basdti@data published in the available literature.
Although most reported analyses of OT did not idelthe use of an internal standard, Gétta
al. [123] used ethyl parahydroxybenzoate as an iatestandard for the quantitative analysis of
OT in pharmaceutical preparations. Methyl hydroxgmate (MHB) and propyl
hydroxybenzoate (PHB) were tested as potentiatriatestandards using analytical conditions
of 20% v/v ACN in 80 mM phosphate buffer, pH = Xdahe retention times of the MHB and
PHB were approximately 7 min and more than 20 mgspectively. The internal standard that
was therefore deemed appropriate and selectedséofan the analysis of OT was MHB. The
MHB peak was well resolved from that of OT, whidated at 4.4 min under the specified

conditions and its use resulted in a total anaytian time of < 10 min for each sample.

The response of the internal standard should beoappately half that of the maximum
expected concentration of the analyte of interéserefore, the concentration MHB that was

used was approximately 7.2&/ml and was quantitatively added to each of tmeptas to be

analysed prior to the analysis.

2.4.9 Chromatographic Conditions Selected

The optimal chromatographic conditions that wetaldished for the quantitative determination
of OT are summarised in Table 2.4 and a typicabicimtogram of the optimised conditions is

shown in Figure 2.7.

Table 2.4 Optmised chromatographic conditions for quantitatiaf OT in pharmaceutical dosage forms

Column PhenomeneX Hypersil C1g, 5pm, 150 X 4.6 mm
Mobile phase 20% v/v ACN in 80 mM phosphate buffer at pH =5
Detection wavelength 220 nm

Detection sensitivity 0.005 AUFS

Injection volume 20l

Chart speed 5 mm/min

Temperature 22°C

OT retention time 4.4 min

MHB retention time 7 min
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Figure 2.7 Typical chromatogram of the separation of OT (4id)rand MHB (7.0 min)
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2.5 METHOD VALIDATION

2.5.1 Introduction

The USP [10] states that the validation of an aiwlymethod is a process that establishes the
performance characteristics of a developed analyticethod and ensures that it meets its
intended purpose and analytical application. Methalidation includes an assessment of the
adequacy of the analytical procedure by meansatisital testing, including linear regression
analysis, and relative standard deviation detertignan order to demonstrate the validity of
the method [231]. During validation, an analytinathod is tested for reliability, accuracy, and
preciseness of the intended purpose of that mefp@8]. The International Conference on
Harmonisation of Technical Requirements for Regt&in of Pharmaceuticals for Human Use
(ICH) [232] recognises accuracy, precision, redality, intermediate precision, specificity,
limits of quantitation and detection, linearity,datne range of a method as important validation
parameters. The guidance for the methodology aatisttal tests and associated limits for the
validation procedure is provided in the ICH Q2B dlment [233].

2.5.2 Linearity

The ICH [232] defines the linearity of an analytipeocedure as its ability, within a given range
to obtain test results that are directly proporicio the concentration or amount of an analyte
in a sample. The linearity of response to the cotmaéon is in agreement with the Beer-
Lambert Law [234] where it was established thatahsorbance of a solute in dilute solutions is

directly proportional to the concentration of teatute or analyte in that solution [183,223].

To demonstrate linearity across a given conceptratange, dilution of a standard stock
solution and/or separate weighings of synthetictunes of a drug product and its components
can be used. A minimum of five concentrations iguieed to demonstrate/establish linearity
[233]. Linearity was assessed by analysis of sdvgrconcentrations in the range of 0 — 12
IU/ml (n = 5) of OT. Calibration solutions of thequired concentrations were prepared,
including a solution that contained 0 IU/ml of OTthvthe internal standard as previously
described in § 2.3.2.

To evaluate linearity, the ICH [233] recommendd thaisual inspection of a plot of response

signal as a function of analyte concentration ontent initially, and if there is a linear
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relationship then statistical testing should bedumted. Testing can be achieved by means of
calculation of a regression line by a least squéinesr regression method to determine the
degree/extent of linearity of the analytical methdke correlation coefficient, y-intercept, slope
of the regression line, and residual sum of squanelsa plot of the data should be included. In
addition, an analysis of the deviation of the actlza points from the regression line may also
be helpful for evaluating linearity and the preaisiof a method. Figure 2.8 depicts a typical

calibration curve for the analytical procedure deped and validated for analysis of OT.
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1.004
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0.257

0.00

0 2 4 6 8 10 12
Concentration of OT (IU/ml)

Figure 2.8 Typical calibration curve for OT in the concent@tirange 0 — 12 IU/ml
y = 0.1667x + 0.0008,%= 0.9995

The equation for the best-fit linear regressioe kmas y = 0.1667x + 0.0008 with a coefficient
of determination of 0.9995 indicating that the loadtion curve is linear over the calibration
range studied. Under most circumstances a regressiefficient of 0.999 [183,223,235] is

considered sufficient to deem the relationship letwtwo variables linear. Furthermore, the y-
intercept should be < 2% of the response or naar[285] and the intercept obtained (0.0008)
satisfies this criterion.

The use of the correlation coefficient as a medndetermining the degree of linearity of a
curve may have shortcomings, in particular if teeponses are measured over one order of
magnitude or deviate from linearity at the extrerakthe calibration range [235]. In this case,
the parameters of a linear regression equationbaaffected by skewed data at the low and/or
high concentration samples. A plot of the respofestor versus concentration in order to
ascertain the impact these data may have on tearitg of a method can be plotted and
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evaluated. The response factor is determined byd#tector response or peak height ratio
divided by the concentration of the standard pradythat response. If the response obtained at
each concentration is equal or is similar thenpbiats should form a straight line with a slope

of zero [183,235]. The response factor graph obthior these studies is depicted in Figure 2.9.
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Figure 2.9 The response factor curve for OT in the concerdgratange 0 — 12 [U/ml,
showing the upper and lower limits of the standadesliation

The average response factor was determined tolls&0.+0.0238 and the response obtained
for most concentrations are all within one (1) dd deviation. The equation of the line is y =
0.002% + 0.1429. The slope of the response factor sl@seahnear zero slope and shows that

the relationship can indeed, be considered linear.

2.5.3 Precision

The precision of an analytical method is a meastithe degree of scatter or agreement among
individual data values, when the method is appitedhultiple samples. In addition, precision is
a means of evaluation of how close the data vahresto each other for a number of
measurements taken using the same analytical cmmslif10,223,232]. The ICH guidelines
define precision on three leveldz., repeatability, intermediate precision, and reprdiility.

The ICH [233] recommends that the standard deviatieelative standard deviation or
coefficient of variation and a confidence interbal reported for each type of precision that is

investigated.

54



2.5.3.1 Intra-assay Precision (Repeatability)

Repeatability refers to the precision of an anefjtimethod used under the same operating
conditions by the same analyst and measured oskor period of time [10,145,223,232,235].
The percent relative standard deviation (% RSD gfroup of samples is used to assess the
precision of a method and the permitted % RSD dépen the intended use of the method and
the matrix from which the active pharmaceuticalré@aient (API) of interest is isolated. For an
assay method, the limit of the % RSD would be 2%emas that for determining impurities at
trace levels is 10% [235]. Repeatability of the moet was determined by interpolation of data
from the calibration curve at three levels coveting specified rangeiz., 3 1U/ml, 7 IU/ml and

11 IU/ml. The samples were analysed with five s@®gh = 5) at each concentration and the
results are summarised in Table 2.5. In additienprecision of the calibration curve data (n =
5) shown in Figure 2.8 are summarised in Table 2.6.

Table 2.5 Intra-assay precision for OT in the concentrati@amge 0 — 12 [U/ml

Concentration (IU/ml)  Peak height ratio Standard % RSD
(OT/MHB), (n =5) deviation

3.0 0.492 0.00210 0.43

7.0 1.165 0.00305 0.26

11.0 1.788 0.00376 0.21

Table 2.6 Intra-assay precision for the calibration curve®@T (0 — 12 1U/ml) shown in Figure 2.8

Concentration Peak height ratio Standard % RSD
(IU/ml) (OT/MHB), (n =5) deviation

0.0 0.000 0.00000 0.00
1.0 0.172 0.00280 1.63
2.0 0.345 0.00300 0.87
4.0 0.715 0.00170 0.24
6.0 1.021 0.00256 0.25
8.0 1.335 0.00686 0.51
10.0 1.667 0.00503 0.30
12.0 1.974 0.00404 0.20

The results shown for repeatability of the assagak% RSD values of less than 2% for all

concentrations of OT studied thereby indicating tha method is repeatable.

2.5.3.2 Inter-day Precision (Intermediate Precigion

The intermediate precision of an analytical metkwdluates the reliability of the method in a

different environment other than that used duriagetbpment of the method to ensure that the
method will provide the same results once methaetidpment has been completed [223]. The
ICH [232] defines intermediate precision as thegkverm variability of a measurement process,
expressing within laboratory variation, analysis different days, different analysts, and/or

equipment. The extent to which inter-day precisiendetermined is dependant on the
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circumstances in which the analytical method ibeéaised and therefore the expected variation
[233]. Intermediate precision can be determinedcbynparing the results of an analytical
procedure run over a period of days to weeks. iméeiate precision was determined for three
(3) concentrations, injected in triplicate (n =) three (3) consecutive days. The results for
intermediate precision studies are summarised iMeT27 and all % RSD values were less than
2% indicating that the method has day-to-day pi@cis

Table 2.7 Inter-day precision for OT in the concentration ggn0 — 12 [U/ml

Concentration Day 1 Day 2 Day 3

(IU/ml) Peak % RSD Peak % RSD Peak % RSD
height (n=23) height (n=23) height (n=3)
ratio ratio ratio

3.0 0.49 0.39 0.50 0.26 0.49 1.45

7.0 1.16 0.25 1.18 0.24 1.16 0.24

11.0 1.78 0.44 1.83 0.40 1.79 0.10

2.5.3.3 Reproducibility

The reproducibility of an analytical method is aaserement of the precision of a method that
is used in more than one laboratory, peecision between laboratories. The assessment of
reproducibility serves to show that a method tlzst heen developed can be transferred between
laboratories. Inter-laboratory trials must be cdased in the standardisation of a procedure
such as those intended for inclusion in an offica@hpendial publication [233]. Reproducibility
may be determined by analysing samples from honmgefots in different laboratories using
different analysts. Reproducibility of this methwds not established as it was to be used in one

laboratory by the same analyst for the duratiothe$e studies.

2.5.4 Accuracy

The accuracy of an analytical method is definethaxloseness of a measured value to the true
value for that sample [10,183,223,232,235]. Theeesaveral ways of determining the accuracy
of an analytical method including comparison toeference standard, recovery of spiked
analyte, and the standard addition of an analyta gample [233]. For drug products, it is
recommended that accuracy be performed at 80, 408,120% of the label claim [223].
Accuracy should be assessed using a minimum of (@nedeterminations over a minimum of
three (3) concentration levels covering the spedifange, for example, three (3) concentrations

analysed in triplicate (n = 3) [233].
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The accuracy of a method may be determined by srgowhich is expressed as the
amount/weight of a compound of interest reportedh geercentage of the theoretical amount
present in a medium and where full recovery ofahalytes is desirable [223,233]. Percent bias
(% Bias) can also be used to determine the exfed#dation of a result for a sample from the
true value for that sample. The closer the recovenp 100% and the lower the % Bias, the
more accurate an analytical method can be considerd in general, a % Bias of less than 5%

is desirable.

Accuracy was determined at three (3) concentratiand each solution was analysed in
replicates of five (n = 5) and the % Bias was dalad by interpolation of the data from a
calibration curve. The resultant concentration e@®pared to the theoretical concentration for
each of the samples and it was observed that thétaat % Bias for this method was low, and

the results are summarised in Table 2.8.

Table 2.8 Accuracy for OT in concentration range 0 — 12 [U/ml

Concentration of OT Determined concentration % RSD % Bias
(1U/ml) (IU/ml)

3.0 2.89 0.43 3.83
7.0 6.96 0.26 0.54
11.0 10.80 0.21 1.81

2.5.5 Specificity

Specificity is defined as the ability of an anadgli procedure to accurately and quantitatively
measure the concentration of an analyte in theepres of all sample materials, including
extraneous components from which it must be welbolkeed [10,183,223,232]. The
determination of the specificity of an analyticattimod is considered one of the most important

steps in the development and validation of thatoet

The chromatographic procedure that is developed megslve the peak of the compound(s) of
interest from any possible excipients or contantmadhat may be present in a dosage form,
during analysis of that dosage form. Commercialigilable OT preparations include chlorbutol
(CB) as a preservative at a concentration of 5 . A solution containing OT (10 1U/ml)
and the preservative was prepared and on analysigerference was observed between the OT
and CB peaks, which was eluted at 4.4 min and @i2respectively was observed. A typical

chromatogram showing the separation of OT and GiBasvn in Figure 2.10.
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Figure 2.10 Typical chromatogram showing OT (4.4 min) and CRB.Z1min)

2.5.6 Stress studies

A stability-indicating assay can be defined as ledaged quantitative analytical procedure that

is able to detect changes in the pertinent praggedf the drug substance and/or drug product
[231]. A stability-indicating assay must also bealle of accurately measuring the specific

analyte without interference from degradation paisluprocess impurities, excipients, or other

potential impurities. It is recommended that ags@gedures used in stability studies should be
stability-indicating, unless otherwise scientiflgglstified [231].

To demonstrate specificity in stability-indicatirgssays the quantitation of an analyte is
attempted in the presence of degradation informattatained from stress studies in which the
analyte(s) of interested are exposed to acid aseé,ldzeat, light and oxidation conditions to
assess the impact of these conditions on the hydrolthermal, photolytic and oxidative

properties of the molecule. It is important thapimities and degradation products from the
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analyte do not interfere with the quantitation lo¢ tactive ingredient in an analytical method
[231]. Specificity is vitally important in the delepment of stability-indicating assays and stress
studies may be used to demonstrate of specifiitydeveloped method. Stress studies entailed
exposing OT to acid, alkali, hydrogen peroxidehijgand heat conditions [10,183,223,233]. OT
solutions (10 1U/ml) were prepared as describe@ 3.2 and by Chaibva and Walker [119]
and exposed to acidic, alkali, oxidative, light dedt conditions.

2.5.6.1 Acidic Conditions

Two millilitres (2 ml) of 0.1 M hydrochloric acid as added to eight millilitres (8 ml) of
a 10 IU/ml solution of OT to produce a solution®@T that was 8 IU/ml. The solution
was allowed to stand for one hour at 22 °C [118E Tesultant chromatogram generated
following injection of a sample that was allowedsiand in acidic conditions for one

hour is shown in Figure 2.11.
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Figure 2.11 Typical chromatogram showing degradation of OT
after exposure to 0.1 M hydrochloric acid for 1 hou

59



OT underwent degradation, under acidic conditiansl the resultant degradation product peaks
were well resolved from that of the OT peak. Anagssf the sample using the validated HPLC
method, to determine the extent of OT degradatewealed that 10.58 6.51% of OT had

degraded under these conditions.

2.5.6.2 Alkali Conditions

Two millilitres (2 ml) of a 0.1 M sodium hydroxidsolution was added to eight millilitres (8
ml) of a 10 1U/ml solution of OT to produce a sabut of 8 IU/ml. The solution was allowed to
stand for one (1) hour at 22 °C [119]. The resultdlmmomatogram generated following injection
of a sample that was allowed to stand for 1 howh®wn in Figure 2.12. It is clearly evident
that OT is highly unstable in alkali conditions [&hd that after exposure as described, almost
all of the OT in solution had degraded and onlynal§ peak corresponding to OT was observed
on the chromatogram. The extent of degradationfu@der these conditions was determined
and showed that 70.330t25% of OT had degraded.
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-
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Figure 2.12 Typical chromatogram showing degradation of OT
after exposure to 0.1 M sodium hydroxide for 1 hour

2.5.6.3 Heat
Twenty millilitres (20 ml) of a 10 IU/ml solutionf@T was heated and maintained at 50 °C for
10 min [119]. The solution was allowed to cool t@m temperature prior to injection onto the

RP-HPLC system. The resultant chromatogram gerteriibowing injection of a sample
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heated at 50C for 10 min is shown in Figure 2.13. The extentdefyradation under these
conditions was determined and it was observed 3% + 1.07% of OT had undergone

degradation.
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Figure 2.13 Typical chromatogram showing degradation of OT
after exposure to 56C for 10 min

2.5.6.4 Light

A 10 ml OT solution at a concentration of 10 IU/imla clear volumetric flask was exposed to
natural sunlight for 8 hours, by placing the saaoton a windowsill in the laboratory for the
duration of the experiment [119]. No degradationsvedserved as a single OT peak was
obtained on the chromatogram as shown in Figur, ttlicating that OT is stable in light after

exposure for a period of 8 hours.

2.5.6.5 Oxidation

Two millilitres (2 ml) of a 3% hydrogen peroxidelsiion was added to eight millilitres (8 ml)
of a 10 1U/ml solution of OT to produce a solutioh8 IU/ml. The solution was allowed to
stand for 2 hours at 22 °C in a dark cupboard [1TI8f resultant chromatogram generated
following injection of a sample that was allowed gtand for two hours under the specified
conditions is shown in Figure 2.15. An assay of tbsultant solution showed that 21.67 +
0.49% of OT had degraded under these conditions.

61



Time (mins)

Figure 2.14 Typical chromatogram showing degradation of OT
after exposure light for 8 hours
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Figure 2.15 Typical chromatogram showing degradation of OT
after exposure to 3% hydrogen peroxide for 2 hours
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2.5.6.6 Conclusion

The specificity of the assay was clearly demonstrdiy the ability of the analytical test to
discriminate between OT peaks and those of dedoadatoducts that resulted after exposure of
OT to stress conditions. Stability-indicating assaye essential for quality control purposes and
give an indication of process or storage condititihvag are likely to impact on the amount of
drug that is present in a dosage form.

The method developed for the analysis of OT in dedarms is able to detect changes in the
guantity of drug present in solution. The limitaiof the stability-indicating method is however
that the presence of degradation products of diffieretention times, limits the use of the
internal standard (MHB) in the quantitation of tlesidual amount of OT. This is because the
MHB peak would not be not resolved from thermal andlative degradation products peaks
that are shown in Figures 2.13 and 2.15, respédytemed that elute at approximately 7 min.
Despite this limitation, the ability of the methtwiresolve OT and degradation products makes

it invaluable for quality control purposes in phaceutical dosage forms.

2.5.7 Limits of Quantitation (LOQ) and Detection (LOD)

2.5.7.1 Introduction

The limit of quantitation (LOQ) of an individual alytical procedure is defined as the lowest
amount of analyte in a sample that can be quangtgtdetermined with suitable precision and
accuracy [223,232]. The limit of detection (LOD)iefined as the lowest amount of analyte in a
sample that can be detected but not necessarilytitatad as an exact value, under the defined
experimental conditions [223,232]. UV detectors mmagult in diminished precision at low
concentrations of an analyte because of a potenrti@dlor gradual loss of sensitivity of detector
lamps as they age or due to noise level variatfatetector because of different manufacturers

or even model number of that detector [223].

The ICH [233] recommends three different techniqiiies can be used to determine the LOQ
and LOD of a given method. The LOQ and LOD can éemnined based on visual evaluation
of analytical data. The quantitation and detecfiomits can determined by the analysis of
samples with known concentrations of analyte an@gigblishing the minimum level at which

the analyte can reliably be quantified with accklgaaccuracy and precision or detected,

respectively.
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The signal-to-noise ratio can be used to deterrtireLOQ and LOD of a method [10,233].
However, this approach can only be applied to ditallyprocedures that exhibit substantial
baseline noise. To determine the signal-to-nois®,raneasured signals from samples with
known low concentrations of analyte and of blankngkes are compared establishing the
minimum concentration that is required to give gnai-to-noise ratio of 10:1 for the LOQ and
between 3 and 2:1 for the LOD. Even though thisesommended by the USP [10], this
approach is not considered very practical, as thisenlevel on the detector may be different
when the samples are assayed on different detd@@8$ The Center for Drug Evaluation and
Research (CDER) [223] therefore recommends theofisn additional standard in the test

method at the LOQ and a repeatability assessmesamples at the LOQ level.

Another method that can also be used for deterimomatf the LOQ and LOD is based on the
standard deviation of the response and the slofieedine [233]. These relationships are shown

in Equation 2.5 and Equation 2.6 respectively.

LOQ= g Equation 2.5
LOD = % Equation 2.6

Where,
o = standard deviation of the response
S = slope of the calibration curve

The calibration curve may be used to estimate dogiisite slope and the standard deviation
may be determined by analysing the standard dewiaif several blank samples or by the
construction of a calibration curve in the rangeéhaf LOQ or LOD, as appropriate. The residual
standard deviation of the y-intercept may be usetha standard deviation in these equations
[233].

The ICH [233] recommends that if the LOQ or LOD determined from visual evaluation of
chromatograms or are based on the signal-to-naeitie method then the presentation of the
relevant chromatograms is required if the LOQ ar@DLare obtained by calculation or
extrapolation. This estimate may subsequently biglated by the independent analysis of a

suitable number of samples known to be near orgoegpat the detection limit.
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2.5.7.2 LOQ

The analytical method did not have any baselinesen@nd therefore the use of methods
incorporating the signal to noise ratio were nagrded appropriate. The LOQ was determined
using Equation 2.5 and a calibration curve in tl@igion gave an equation, y = 0.1%84
0.0008, R= 0.9942. The LOQ was determined to be approximdtd |U/ml with an average
peak height ratio of 0.04 and a % RSD =5.71 ().= 6

2.5.7.3 LOD

As noted in § 2.5.7.2, the absence of baselineeruizdered the use of the signal-noise-ratio.
LOD was determined using Equation 2.6 and the tityeaurve described in § 2.5.7.2 and this
was found to be approximately 0.1 lU/ml.

2.5.8 Range

The range of an analytical procedure is definedhasinterval between the upper and lower
concentration/amount of an analyte in the sampésgbanalysed and include the upper and
lower concentrations for which it has been demaedtr that the analytical procedure has a
suitable level of precision, accuracy and lineaf2$2]. The range of a method depends on the
purpose of the analytical procedure that has beseldped. For assay procedures, the range
would fall between 80 — 120% of the target conadidn, but for combination analytical
methods for assay and determination of impuritiesrange would be the limit of quantitation
to 20% above the target concentration [223,233f fidnge is derived from linearity and the
LOQ studies and the range of this analytical methad found to be 0.3 — 12 1U/ml.

2.5.9 Stability of the Analyte in the Mobile Phase

During validation, additional data deemed necessacjude the stability of all analytical
sample preparations that will be used for the domadf the analysis [231]. The test method
must be used to analyse sample stability, espgaidiere samples are analysed overnight or
following long storage periods after collectionpyeparation. This is especially a concern for
drugs that undergo hydrolysis, photolysis, or #& adsorbed onto glassware [223]. Data to
support sample stability in solution under normpérmating laboratory conditions for the test

procedure are therefore required.
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The stability of the analyte in the mobile phases Wwevestigated. A solution of concentration of
10 IU/ml of OT was prepared as described in § 2aB@ the stability in the mobile phase was
tested over a 3-day period, after storage of thapkss in a refrigerator at 5 °C. No additional
degradation products were observed during chromapbdc analysis and the OT content over
three consecutive days was determined to be 16:00.216 1U/ml with 0.16 % RSD. It was
therefore established that OT was stable in theilmpbase, and the method developed for the

guantitative analysis was suitable for analyticalgedures that run over at least three days.

2.6 ASSAY OF SYNTOCINON®

An assay of the commercially available form of @iTJouth Africa was undertaken using the
analytical method that had been developed and 10 IU/ml was purchased from a
local pharmacy. The analysis was performed init@pé using three (3) individual ampoules
and a 1.0 ml aliquot of the parenteral formulatioas diluted to 5.0 ml with HPLC grade water
in an A-grade volumetric flask and then subjectechmalysis using the validated procedure
described in this Chapter. A typical chromatogrdstamed during analysis of the commercially
available product is shown in Figure 2.16 and #slts of these analyses are summarised in
Table 2.9.

Table 2.9 Result of the analysis of an assay of commerciaigilable Syntocindh

Sample Peak height ratio % RSD Determined

number (OT/MHB) (n=3) concentration (IU/ml)
1 0.35 1.75 10.08

2 0.35 0.76 10.05

3 0.33 0.62 9.55
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Figure 2.16 Typical chromatogram obtained following the assagyntocinofi
showing an unknown peak (2.2 min), OT (4.4 min)BMA0 min), and CB (15.2 min)

2.7 CONCLUSION

The method that was developed is linear, accugise, sensitive, and selective and is
appropriate for the analysis of the current phaeutical dosage form of OT that is available on

the market.

2.8 OPTIMISATION OF THE ANALYTICAL METHOD FOR  IN VITRO USE

The analytical method that was developed and Malitlsvas further optimised for use in the
analysis ofin vitro release of OT from hydrogel systems that were ldpee in subsequent
studies (See Chapter Gide infrg). The sensitivity of the method was increased rgep to
ensure that the lower concentrations expected gllagsessment o vitro release could be
guantitated. HPLC system B (§ 2.3.6) was usedherdptimisation of the previously validated
method. The method was optimised in terms of waggteof detection and volume of injection

by monitoring the change of response of OT. Thehotetwvas thereafter revalidated to ensure
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that the method would meet the necessary criteriensure that reliable and valid data were
obtained.

2.8.1 Wavelength

A sample solution of OT of concentration of 0.3WAvas injected under the same conditions
that had been established using HPLC system A4(®Rexcept that the wavelength was varied
within the range of 200 — 230 nm. Samples wereciggkin triplicate (n = 3) and a plot of the

effects of wavelength change on response are eepictFigure 2.17.

As the wavelength was increased, there was a pamding decrease in the peak height
response of OT. The greatest response was obsatreedavelength of 200 nm. However, since
there is a decrease in the selectivity and exocedsageline noise when using this wavelength,
210 nm was selected as the optimal wavelengthhdetection of OT. This is because using a
wavelength 210 nm provides an adequate analytemespand limited baseline noise, making it
a suitable wavelength for detection of the peptide.
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Figure 2.17 The effect of changing wavelength on the peak hefg@T

2.8.2 Volume of Injection

Two volumes of injection were compared., 20 uL and 50uL and testing was performed in

triplicate (n = 3). The results of these studiesdepicted in Figure 2.18.
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Figure 2.18 The effect of changing injection volume on the geaght of OT

As the volume of injection is increased, there isoaresponding increase in the amount of
analyte that passes through the column to the wet@aond an increase in detector response
[122]. This is important as it permits very smalhcentrations of analyte to be detected because
of the increase in response and higher peaks thadtserved. However, when the volume of
injection is increased excessively column overlozay occur and this phenomenon must be
evaluated prior to selecting a suitable volume ifgection. Column overloading was not a
major concern for this particular application as thaximum possible concentration that would
be expected to be observed durimgitro testing was calculated to be no more than 0.5MmIU/
and therefore the maximum possible column loado¥alg an injection of 5Qul would be
0.025 IU.

No internal standard was used for the optimisedytinal method for use in the assessment of
OT release from Pluroriicgels (See Chapter Sjde infra) because of the potential for the
hydroxybenzoate preservatives to be solubilisethlnglles [236]. The formation of micelles by
Pluroni€® F127 (PF-127) in aqueous solution (§ 4.5.4) mayseaan interaction with the
internal standard and result in interference wiithvitro release studies of OT from PF-127

dosage forms.
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2.8.3 Optimised HPLC Conditions
The optimised conditions for the separation of Ofiri vitro release testing are summarised in
Table 2.10 and Figure 2.19 summarise the optimesedlitions for OT analysis and show a

typical chromatogram of OT that was obtained usglirggoptimised method, respectively.

Table 2.10 Optimised conditions for in vitro analysis of OTe&se from hydrogel dosage forms

Column Phenomene& Hypersil C1g, 5pum, 150 X 4.6 mm
Mobile phase 20% v/v ACN in 80 mM phosphate buffer at pH =5
Detection wavelength 210 nm
Detection sensitivity 0.005 AUFS
Injection volume 50 pul
Chart speed 2.5 mm/min
Temperature 22°C
OT retention time 4.38 min
oT

«— Injection

T I T T T
o 2 4 6 8

Retention time (min)

Figure 2.19 Typical chromatogram of OT under the optimised
conditions for assessing the in vitro release of OT

70



2.9 REVALIDATION OF THE ANALYTICAL METHOD

The revalidation of analytical procedures is neags# process variables, that may affect the
results obtained using that method, are introdudedthe pharmaceutical industry, such
variables may include changes in the source ofrmmaterial or drug substance, manufacture of
the raw material by a different synthetic routeaccthange in composition of the drug product.
Revalidation should be performed to ensure that dhalytical procedure maintains its
characteristics and specificity and to demonstthse the analytical procedure continues to
identify the strength, quality, purity, and poterdthe drug substance and/or drug product. The
degree of revalidation of an analytical method dejseon the nature of the change(s) made to
the method [231]. A change in the range, wavelenttietection and the volume of injection
and HPLC system used and the absence of interaadatd in these studies required

revalidation of the analytical procedure.

2.9.1 Linearity

The linearity of the method was tested within thaaentration range that was expected to occur
during in vitro dissolution testing of OT in hydrophilic hydrogsystems that were to be
developed. The calibration standards were prepasedescribed previously in § 2.3.2 and
linearity was assessed in the same manner as loedaen § 2.5.2. The calibration curve shown

in Figure 2.20 was produced by injecting OT sampidbe range 0 — 0.50 IU/ml (n = 5).
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Figure 2.20 Calibration curve for OT in the concentration range- 0.50 IU/ml
y = 5044x + 13.52,%7= 0.9993
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The calibration curve following revalidation wassy5044 + 13.53, with a linear regression
coefficient of 0.9993, indicating that the methedimnear.

2.9.2 Precision

Intra-assay and inter-day precision of the anaytinethod were tested during revalidation as
previously described in § 2.5.3.

2.9.2.1 Intra-assay Precision (Repeatability)

The repeatability of the methods was determinedessribed previously in § 2.5.3.1 and this
was determined at three different levels., 0.15 1U/ml, 0.25 IU/ml and 0.35 IU/ml and
analysis was performed in triplicate (n = 3). Tlesults of these studies are shown in Table

2.11.Intra-assay Precision (Repeatability)

Table 2.11 Intra-assay precision for OT in the concentratiamge 0 — 0.50 [U/ml

Concentration of OT OT Peak height Standard deviation % RSD
(IU/ml)

0.15 798.4 6.3008 0.79
0.25 1327.8 8.5264 0.64
0.35 1893.2 12.3369 0.65

Table 2.12 summarises the precision of the caldwaturve data depicted in Figure 2.20.

Table 2.12 Intra-assay precision data for the calibration gar(0 — 0.50 1U/ml) shown in Figure 2.20

Concentration of OT OT Peak height Standard deviation % RSD
(IU/ml)

0.00 0.0 0.0000 0.00
0.05 291.6 7.7974 2.67
0.10 528.6 17.6153 3.33
0.20 1059.4 7.9875 0.75
0.30 1610.6 17.9527 1.11
0.40 20834 25.7740 1.23
0.50 2666.8 12.0291 0.45

The low % RSD values of < 5% that were obtainegratision studies indicate the repeatability
of measurements made using this analytical metiibdvas however noted that as the
concentration decreased, there was a decreasee iprétision of the method, indicated by
higher % RSD values. The resultant % RSD valuessbghtly higher than those that were
obtained during the validation of the analyticalthoel for dosage forms described in § 2.5.3.1
because of the absence of an internal standateiartalysis. In addition, lower concentrations

of OT were used in the optimised method compardatiganalytical method for dosage forms,
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viz, 0 — 0.50 IU/ml compared to 0 — 12.0 IU/ml, regpesly and therefore the precision

obtained was higher.

2.9.2.2 Inter-day Precision (Intermediate Precigion

Intermediate precision was assessed as previoasbyribed in § 2.5.3.2, and was determined at
three (3) levelsyiz., 0.15 1U/ml, 0.25 IU/ml and 0.35 1U/ml, in triplita (n = 3) for three (3)
days. The results of inter-day studies are sumexdiis Table 2.13. The method was found to

be reproducible over several days as indicateth&yow % RSD values that were obtained.

Table 2.13 Inter-day precision for OT in the concentration gan0 — 0.50 IU/ml

Concentration Dayl Day 2 Day 3

OT (IU/ml) Peak % RSD Peak % RSD Peak % RSD
height (n=23) height (n=3) height (n=23)

0.15 798.4 0.79 805.8 0.89 788.4 1.09

0.25 1327.8 0.64 1352.5 0.87 1308.8 0.98

0.35 1893.2 0.65 1907.4 0.52 1882.5 0.53

2.9.3 Accuracy

The accuracy of the method was determined as thescpreviously in § 2,5.4 and this was
determined at three (3) different levelgz., 0.15 IU/ml, 0.25 IU/ml and 0.35 IU/ml. Each
sample was analyzed in triplicate (n = 3) and #wilts are summarised in Table 2.14, which

shows a % Bias of less than 5% for the concentratstudied.

Table 2.14 Accuracy for OT in the concentration range 0 -00L8/ml

Concentration of OT (IU/ml)  Determined concentration (IU/ml) % RSD % Bias
0.15 0.1521 0.79 3.11
0.25 0.2614 0.64 0.15
0.35 0.3781 0.64 3.59

2.9.4 Limits of Quantitation and Detection

Different methods can be used to determine the lED@ LOD as previously described in §
2.5.7 and in this case, the LOQ and LOD were detathusing the signal to noise ratio
method. The LOQ which gave a signal to noise rati@0:1 was determined to be 0.03 IU/ml
with a % RSD = 6.01 (n = 6). The concentration t@te a signal to noise ratio of 3:1 was
found to be 0.01 IU/ml with a % RSD = 10.89 (n =aé} this was considered to be the LOD.

295 Range
The ICH [233] recommends that the range for didBmtutesting must be +20 percent over the

specified range. The method was found to linedinénconcentration range 0.03 — 0.5 IU/ml.
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2.10 CONCLUSION

The successful application of analytical methodshim pharmaceutical sciences for different
purposes including the quantitation of drugs inades forms for quality control purposes,
determination of drug plasma for pharmacokineticligs or generatinig vitro release profiles,
primarily depend on the use of an optimised anddatd analytical method. The success of a
separation in RP-HPLC is important in ensuring that method is optimised for the detection

of all relevant compounds.

Different analytical columns have different profestbecause of the variation in stationary
phases and the careful selection of a column foareadytical procedure is important to ensure
that the interaction between an analyte and aosi@ty phase is optimal. The use of silica
columns with a G support backbone for the separation of molecuegell documented in the

literature. For peptide separations, the hydrophotierior of such stationary phases allows for

the successful retention of these entities witleptable retention times.

The use of ACN as an organic modifier is appropriatcomparison to the use of MeOH. With
a polar molecule such as OT, the retention of Odredesed with an increase in ACN content
and a concentration of 20% v/v ACN in a phosphaitiéeb was found to be optimal. Although
the use of ion-pairing reagents to improve the isgjmn in peptide mixtures has been
advocated, this was not considered essential for @&Tthe resultant chromatogram obtained
without the use of these modifiers was acceptaBldfered systems are important in the
separation of ionisable and amphoteric moleculel sg OT. The pH of a mobile phase affects
the distribution between charged entities and tbeseimpacts on the interaction of the drug
with both the mobile and stationary phases, theraffgcting the success/failure of the
separation. A pH of 5 was found to result in thetismaped peaks, with reasonable retention
times. The molarity of the buffer affects the r¢imm time of an analyte and molarity was
optimised to produce sharp peaks for OT. The chrsdlection of an internal standard is
advocated and resolution between the analyte ef@at and the internal standard is important in
order to allow accurate quantitation of the two poomds. MHB was selected as an appropriate

internal standard thatg was well resolved from@iepeak.
The validation of a method is essential in the ptaareutical sciences. The linearity of a method

allows for the successful generation of a calibratiurve to allow for accurate quantitation of a

molecule of interest. The coefficient of determioatobtained for this method tR= 0.999)
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ensured that interpolation of data within the rasgecified is reliable and accurate. The range
used for a calibration curves must be relevanth® application of the method. For the
determination of OT in dosage forms the most realevange was found to be between 0.3 -12
[U/ml.

Much lower concentrations are expected wimevitro release tests are conducted and therefore
the range was modified accordingly. The precisibrihe optimised method ranged between
0.45 — 3.33% RSD therefore indicating that the wetis reproducible and that day-to-day
variations that would affect the response of theat®n of analyte are minimal. The accuracy
was appropriate and ranged between 0.54 — 3.83%é&Bid 0.15 — 3.11% Bias for the dosage
form analysis anth vitro release methods, respectively. In early formulasiaies it is critical

to ensure that changes in formulations that arkeatefd in thein vitro release profile are
depicted accurately, and therefore appropriatesasts with regard to optimisation of dosage

forms are made, as and when is necessary or rdquire

The method that was optimised was sensitive, atsueand precise. It was found to give a
linear response in the desired concentration raipe. method is therefore suitable for its
intended use and therefore applicable in the aisalysOT from in pharmaceutical dosage

forms and can be applied to the assessmeantwtro release of drug from hydrogel systems.
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CHAPTER 3

PROTEIN AND PEPTIDE FORMULATION

3.1 INTRODUCTION

3.1.1 Advances in Protein and Peptide Therapeutics

The full sequencing of the human genome [237,238]ritreased understanding and provided
insight into the causes of genetic disease andilgesdrug therapies, including the use of
endogenous proteins and peptides to cure or akevganetic disorders. High-throughput
expression of recombinant proteins is requiredhuee that proteins and peptides are produced

rapidly and efficiently for therapeutic and reséaparposes [239].

The use of proteins and peptides in therapeutiggising recognition and acceptability, as
these agents appear to offer therapeutic advantagepared to small conventional molecules.
The selectivity, affinity, and specificity to tatgeroteins and lower toxicity profiles of proteins
and peptides compared to chemical entities, asagethe ability to produce effective and potent
activity, are some of the major reasons for reseadvances in the development of protein and
peptide drug delivery systems [240-242]. In additiproteins and peptides have the ability to
cure disease as they elicit biochemical charigesivo by interacting with receptors and
enzymes [242]. Bioactive peptides play an importah in the control of genetically linked
diseases such as for example glucagon-like pefti@&-P-1) which is important in the control
of diabetes mellitus [243,244] and ghrelin, whishvital in the control of obesity [245,2486].
Furthermore, the involvement of proteins and pestidn enzymatic catalysis, immuno-
protection, control of growth and differentiatiorropesses, enhances the applicability of
proteins and peptides in therapeutics [242]. Desaitvances in production and the potential
utility of peptides and proteins in clinical theeagpics, there are many formulation challenges
that must be overcome in order to ensure safe ffectige delivery of these entities.

Initially, proteins used for therapeutic indicatsprnncluding human insulin and human growth
hormone were ‘simple replacement proteins’ withnital amino acid sequences to specific
endogenous proteins and were administered cligitalinimic endogenous levels vivo [247].

However, current trends in biotechnology indicdiat tmodifications in protein sequences have

been made in order to produce therapeutically sopaerolecules that are tailored to achieve
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therapeutic goals. Modifications that have beenemiadiude mutations in primary sequences of
the molecules, alteration of the molecule by caval@onding to chemical groups or in the

glycocomponent of proteins [247].

There are numerous protein and peptide agentsntiyraesailable on the market for therapeutic
indications and many others currently undergoimgial trails [248]. There have been exciting
developments in the approval of biopharmaceuticgngs, including recombinant proteins,
monoclonal antibodies, and nucleic acid-based dmnwgh over 165 agents currently registered
on the European and North American markets [248pdRticular interest is the approval of the
first non-parenteral protein formulationsz., Exuberg (Nektar Therapeutics, San Carlos, CA,
USA), an inhalable form of recombinant insulin drattical® (Fairfield, NJ, USA), an oral form

of recombinant calcitonin [248]. Table 3.1 listsreoof the protein therapeutic agents that have

been approved for human use and indicates the meuér and therapeutic indication.

Table 3.1 Some examples of proteins and peptide formulatiegistered [248]

Product Company Indication

Advaté® (octocoge Baxter (Leverkusen, Germany) Haemophilia A
recombinant human factor VIII)
Exuber& recombinant human  Pfizer (New York, NY, USA) Diabetes mellitus

insulin) and Aventis (Kent, UK)

Serostin? (recombinant human Serono Laboratories (Geneva) AIDS-associated chsaband
growth hormone) wasting

Viraferor® (recombinant Schering-Plough (Kenilworth, Hepatitis B, C

interferone-2b) NJ, USA)

Procrif® (recombinant human  Ortho Biotech (Bridgewater, NJ, Anaemia

erythropoietin) USA)

Follistim® (follitropin-p, NV Organon (West Orange, NJ, Infertility

recombinant human follicle USA)

stimulating hormone)

Commercial production of proteins and peptides nmhesthighly efficient and economical,
producing purified macromolecules relatively quickind in acceptable quantities. A variety of
techniques may be used for production of protenus@eptides, each with their own advantages
and disadvantages. High-throughput cloning is omama of protein and peptide production,
where the gene for a therapeutic protein/peptidédocloned is transferred to appropriate
vectors to allow expression of the gene in thatarecesulting in the production of the protein
of choice [239]. Expression systems for the productof recombinant proteins using for
exampleEscherichia coli are the simplest means of producing proteings therefore used
extensively for high-throughput production of theeatic proteins and peptides [239,248], with
nine (9) of the thirty-one (31) therapeutic progeapproved since 2003 being produced using

this method [248]. Mammalian cell lines are alsedifor production of recombinant proteins

77



and although this method is technically complex erate expensive compared to the use of
Escherichia coliin expression systems and seventeen (17) of #raghutic proteins approved
for use since 2003 are produced in this way [2€8]l-free expression systems using cellular
lysates containing the necessary biochemical coemgsnfor transcription and translation of
DNA templatesin vitro [239] may also be used for production of theramepgptides and
proteins. Synthetic procedures are more applidablee production of smaller peptides such as
OT as described in § 1.2.3.

3.1.2 Challenges in Protein and Peptide Delivery

3.1.2.1 Introduction

The success of protein and peptide formulationseddp on the understanding by the
formulation scientist of various manufacturing apibbcess factors that affect the physico-
chemical stability of proteins/peptides and theldgiral processes that affect the vivo
performance of these molecules [240]. The largeemoér size, low permeation rates through
biological membranes and surface activity of prgeare some of the primary causes of
instability of proteins in formulations [242]. Imgant considerations are the physical and
chemical instability, immunogenicity, and pharmdoekic profiles of proteins and peptides.
Production and manufacturing strategies to overctiraénherent instability of these entities
vitro and in vivo are necessary to ensure the success of proteinpe@piide formulation

development and production and for the achievemedésired therapeutic outcomes.

Universal challenges in protein and peptide fortiomainclude stability of the preparation and
potential impact of the drug delivery system on t@iro conformation in formulation

development, manufacturing, and the post-applinatwocesses [249]. Furthermore, the
secondary and tertiary structures of proteins laumgortant in eliciting biological responses and
these must be conserved in pharmaceutical dosages,fauring the manufacturing processes,

transportation, and long-term storage [250].

3.1.2.2 Physical and Chemical Instability of Proteand Peptides

Physical instability of proteins and peptides refier non-covalent modification of the molecule
and involves changes in the secondary, tertiaryg, guaternary structures of the molecule,
including denaturation, adsorption to surfaces,reggtion, and precipitation [251]. Chemical
instability of proteins involves processes whereersital modification by formation or

destruction of covalent bonds occur, resulting iadified molecular entities being formed
[251].
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The sensitivity of protein structure and conformoatito external conditions causes many
formulation challenges, with respect to handlingrnfulation aspects, manufacturing, and
storage issues. Conformational changes in protéinctare may arise because of the
aforementioned processes affecting protein andigeestabilityin vitro, causing aggregation
and ultimately precipitation and therefore impaegatively on the integrity and success of
protein formulations [240,250,252,253].

The specific conformation of a protein is a refltprotein folding, which is dominated by
hydrophobic and electrostatic interactions, hydnogending, intrinsic propensities, and van der
Waal's forces [250]. Protein conformations are ablt and pharmaceutical processes are likely
to impact on protein conformations. Such processdade shear forces, shaking, temperature,
pH, and protein concentration [250,253]. The cami@tion of a protein is also dependent on the
size of a protein and number of domains in thectiine. Multi-domain large proteins are more
susceptible to small changes in environmental ¢mmdi compared to their smaller molecular

weight counterparts, resulting in aggregation [240]

Aggregation can be considered a physical processavprotein monomers become coupled
forming larger units, which may be insoluble and aften bio-inactive as they are unable to
cross biological membranes to facilitate intradalaction or interact with membrane receptors
[250,251]. Although aggregation is a predominarghysical process, it may also occur via
covalent bond formation forming cross-links betweeotein molecules or altering the tendency
to cause aggregation of proteins in solution [25&jgregation may result in formation of
soluble or insoluble aggregates and the naturkeo$pecific protein and conditions to which the
protein is exposed will affect the type of aggregiirmed. It is therefore important that the
formulation scientist is aware of the specific citiods that cause aggregation for a particular
protein, and whether they are prevalent duringféieulation and manufacturing process and
procedures [253]. The primary structure of a proteay play an important role in aggregation,
with more hydrophobic proteins having a greatedésty to aggregate than their hydrophilic
counterparts [254]. The secondary structure is alsamportant determinant of aggregation,
whereg-strands have a greater propensity to result imegggion compared ta-helices, by

forming coiled-coil contacts [255].

Shear induced by vortexing results in partitioniofy proteins to the air/water interface,

encouraging partial unfolding of the protein stareton exposure to air [256]. The use of non-
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aqueous solvents [250] and the concentration depr¢257] may also promote aggregation of

proteins in solution.

Other factors that affect the stability of protéormulations include drying processes [258],
medium for reconstitution of freeze-dried formuats [259] and pharmaceutically relevant
conditions, which mimién vivo conditions to which the protein is exposed, sucteagperature
(37 °C) and humidity [260], as well as the storageditions [261].

Proteins tend to be stable within specific tempemtranges and generally, protein stability
decreases with increasing temperature either byatdeation or by catalysis of chemical
reactions [253,262].

The pH of the solution to which the protein is exgd is another factor that alters protein
conformation by affecting the aggregation behavio@irproteins, or catalysis of chemical
reactions that may result in denaturation [253,26&)st proteins tend to be stable within a
narrow pH range and it is therefore imperative thdbrmulation development, protein stability

is adequately monitored and/or controlled.

Proteins have the potential to adsorb onto surfateseby reducingn vitro concentrations.

The exposure of proteins to materials to which ttey adsorb in formulation manufacture and
to packaging and filters must be avoided as adsorjrnpacts negatively on biopharmaceutical
formulation stability [250,251]. Salts, metal ioasd chelating agents that may be used in
formulations are also important considerationshey thave the potential to affect the overall

conformation and stability of protein molecules3P6

Proteins are susceptible to chemical instabiligt thften results in degradation of the molecules
by hydrolysis, deamidation, isomerisation or racgtion, oxidation, and formation or breakage
of disulphide linkages, thereby resulting in thenfation of degradation products [250,251].
Chemical instability does not always result in tieogical inactivity of proteins, since the site
of chemical change may not be crucial for the adBon of the molecule with the target

receptor(s) and therefore a biological response stihype observed [264].
The use of appropriate analytical techniques isrdgid to monitor changes in protein stability.

Capillary electrophoresis [265] and HPLC [266] h&veen used to monitor protein degradation,

while differential scanning calorimetry (DSC) [26Tluorescence [268] and nuclear magnetic
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resonance (NMR) [269] have been used to detectgasaim protein folding. The aggregation
behaviour of proteins has been monitored using Bghttering mass spectroscopy [270].

Biopharmaceutical molecules such as proteins angtides may be contaminated with
biological substances such as viruses [240]. Howethe inactivation of viral contaminants
requires heat treatment at 60 °C, which causeguatian of many biological proteins [253]. It
is therefore imperative that protein formulatiomsgdrotected against denaturation by controlling
ionic strength and pH using buffer systems, or digitéon of stabilisers such as Tween 20 [271]

to limit aggregation.

The stability of protein formulations vitro can be improved through modification of the
protein, addition of pharmaceutical adjuvants dreldontrol of environmental conditions [253].
To prevent protein folding, formation of disulphidends and salt bridges, mutations in regions
involved in local folding, have been introducedstabilise and cause rigidity in these regions,

thereby stabilising proteins [251,272].

Additives such as salts of ionic compounds maynkided in protein formulations to improve
stability, as salts are able to bind to specifitiéosites and prevent denaturation of proteins in
formulations [251]. Polyalcohol materials such ssgand glycerol, stabilise proteins and
reduce denaturation through selective solvation pobtein surfaces at low additive
concentrations. Water particles surround the pmoseirface in order to exclude hydrophobic
additives and prevent exposure of the hydrophati&rior of proteins to the additives, thereby

stabilising a formulation [251].

Detergents and amphiphiles such as polysorbate228],[ Pluroni€ F68 and Brij 35 [274]
reduced the aggregation of proteins due to sheaedoby competing with proteins at the
air/water interface, thereby stabilising proteirrnfalations. However, the effects of the
detergents may not be adequate in preventing aggpegin long-term stationary storage of
protein formulations [275]. Cyclodextrins have alseen found to be effective in controlling
protein aggregation in pharmaceutical preparationpharmaceutically relevant proteins such
as insulin [276,277]. Cyclodextrins prevent foldiofproteins by binding to aromatic residues
in the protein chain, stabilising the protein inumfolded state and reducing the rate of protein
folding [278]. Lyophilisation or freeze-drying ofgteins and peptides removes water from the
protein, leaving the protein in an unreactive ambyd or almost anhydrous state [240] and

increases the stability of protein and peptide fdations [279,280]. To improve the shelf life
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of protein pharmaceuticals, a formulation must behe right pH and ionic strength and a
stabiliser (e.g. sugars, polyethylene glycol) mhesselected to ensure an acceptable shelf-life is
obtained [253].

3.1.2.3 Biological Instability of Proteins and Piglgs

Proteins and peptides often have short half-livesivo because of degradation by protease
enzymes in the systemic circulation, liver metadroliand rapid renal clearance especially for
lower molecular weight (< 5 kDa) proteins [241].dddition, proteins and peptides are unable
to enter intracellular spaces, as they cannot paeelipophilic cell membranes, limiting their

use in controlling intracellular processewivo [241].

A further complication with regards the use of #p&utic proteins, is their ability to induce
immunogenic effectén vivo [240,281] by inducing T and B-lymphocyte activitysulting in
antibody production and the consequent rapid ehltiom of therapeutically administered
proteins and peptides. Factors that influence adgibformationin vivo include protein
structure, immuno-modulatory effects of the protéiormulation composition, presence of
contaminants and impurities, route, dose, frequema duration of administration [281]. Prior
to the advent of recombinant biotechnology allowthg use of human proteins in therapy,
animal proteins were used which often resulteddtivation of an immune response against
therapeutic proteins thereby limitimg vivo use of the molecules [281]. Conversely, the use of
recombinant human proteins has resulted in a redimm®dence and severity of immunogenic
effects as patients are expected to be more téleaendogenous proteins as opposed to
exogenous molecules. However, there have beentsepbrmmunogenic effects and reduced
clinical efficacy with long-term recombinant interbn therapy for multiple sclerosis [282,283]
and pure red-cell aplasia following recombinantlegpoietin therapy [284]. The consequences
of immunogenic effects in therapy include interfere with the pharmacokinetic parameters of
the molecule of interest and may result in a digtied therapeutic response and consequent
therapeutic failure, or precipitation of an immumsponse, resulting in an attack on related

endogenous proteins with a potential fatal outc{izé].

Strategies to improve the vivo pharmacological and pharmacokinetic profiles aft@ins and
peptides have been proposed, and include PEGylatoytation, or mutation of the amino acids
of a primary sequence in a protein. However, itriportant that biological efficacy be retained
and that there is no induction of immunogenicitgdiese of modifications made to proteins
and/or peptides [240].
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Chemical modification by covalent binding of preigiand/or peptides to polyethylene glycol
(PEG), known as PEGylation [285-289] is a stratepincrease the circulating half-life of the
molecule and to reduce the immunogenicity of prateand/or peptides. The conjugation of
proteins and peptides with PEG occurs by reactimgtional groups such as amino, cysteine or
carboxyl groups of proteins and peptides with miedifPEG molecules. Either a single large
molecular weight PEG molecule (30 — 40 kDa) or savemaller molecular weight entities (5
kDa) can be attached to the protein or peptide ontde [241]. PEG modification is
advantageous and modifies protein and peptide @rarkinetic profiles and biodistribution of
the moleculesn vivo [285]. The increment in size following conjugatioesults in lower renal
clearance and a resultant increase in circulataifjlifie, reducing the need for frequent dosing
of protein and peptide formulations that would oifise be rapidly cleared [285]. Attachment
of PEG molecules to proteins or peptides also mekksged and glycosylated sites on protein
surfaces and shields antigenic and immunogeniogst of proteins, reducing immunogenic
responses [290,291]. Furthermore, PEGylation resnlteduced phagocytosis by the reticulo-
endothelial system and liver cells and reductiorpaftein degradation [290]. However, the
attachment of a PEG moiety to proteins and peptiday result in diminished biological
responsesn vivo as the PEG molecule may interfere with proteintfipepand receptor
interaction, thereby warranting the need for extensesting of several PEG-protein/peptide
derivatives [241]. PEGylated protein products apptb for human use include Pegasys
(Hoffman-La Roche, Nutley, NJ, USA) and Pegintrdscl{ering-Plough (Kenilworth, NJ,
USA), which are PEGylated interferon M-and PEGylated interferon N32respectively.

Alternatively, N-terminal modification by acetylati or glycosylation or C-terminal amidation
[292] may be performed in an attempt to improvehtopharmaceutical profile of proteins and
peptides. The introduction of unnatural amino adids primary protein or peptide sequences
at vulnerable sites reduces proteolytic degradaifgoroteins and peptides, thereby potentially

increasing the therapeutic efficacy of the moles({#90,292].

Acylation is the chemical attachment of fatty adidexposed residues on protein surfaces and
increases the affinity of proteins for serum albunthereby increasing protein binding, and
prolonging circulation half-life of the molecule92,294]. This has been successfully used to
produce a long acting insulin analogue, insuliredwatr (Novo Nordisk, Bagsveerd, Denmark)
which is available on the market. Another stratdugt can be used to increase the molecular
weight of peptides is by genetic fusion of a protéd the Fc domain of human gamma

immunoglobulin (IgG), thereby reducing the renaachnce of the protein [295].
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The hydrophilic nature of peptides hinders penietnadf these entities into cells and therefore
one strategy to improve cellular permeability h&erbto develop cell-penetrating peptides
[296,297]. Peptides are attached to synthetic midscor naturally occurring cationic peptides
or amino acid sequences containing basic amine dbat are proline rich and are able to cross
lipophilic cell membranes, thereby shuttling thesided peptides into intracellular spaces
[296,297].

An analogue approach has been proposed to enhaadadavailability of insulin following
subcutaneous administration [298,299]. Insulin tex&ss individual monomers in the human
body, but in pharmaceutical dosage forms, ins@imd$ to associate into dimers and hexamers
resulting in low penetration of the insulin througtological membranes because of the large
molecular weight and size of the dimers and hexanrese polymeric units must dissociate
before absorption from the site of injection, cagsa delay in absorption and ultimately, a
delayed onset of biological action. Mutation of amiacid residues important in the self-
association of insulin molecules results in a réidadn the tendency of insulin to self-associate
promoting the prevalence of insulin monomers or efsnthat are capable of penetrating
biological membranes easily [300]. The onset ofoacis therefore accelerated and insulin
lispro (Eli Lilly, Indianapolis, IN, USA) and insiil aspart (NovoRapfj (Novo Nordisk,

Bagsveerd, Denmark) with rapid time-action profées available on the market.

3.2 MECHANISMS AND OBJECTIVES OF CONTROLLED DRUG DE LIVERY IN
PROTEIN FORMULATIONS

3.2.1 Introduction

Controlled drug delivery defines methods that camuged to modulate the release of a molecule
from a dosage form in order to obtain a desireglass pattern that is specific to an indication or
for the clinical use of a molecule [301].

There are two types of controlled release that lmamchievediz.,, temporal and distribution

control [302]. Briefly, the aim of temporal cont®}stems is to deliver a drug molecule over an
extended or for a specific period during treatmarig the systemic circulation. The benefits of
temporal release are exemplified in Figure 3.1, clwhshows plasma drug concentrations
following use of frequent injections, administemebry six (6) hours compared to the use of a

controlled release injection formulation that igyoadministered once.

84



. Toxic drug level
Drug concentration

at site of action

Therapeutic
window

— Injection
—— Controlled .

release system Sub-therapeutic

drug level
T
0 6 12 18 24hours

T Injection administered every 6 hours
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Figure 3.1 The drug concentrations following the administrataf multiple injections
compared to a controlled release temporal formalati(redrawn from [302])

The therapeutic window of a drug defines the drigsma concentration range in which
therapeutic efficacy is achieved. Concentratiorsg #re above and below the maximum and
minimum therapeutic levels result in side effectsl doxicity, or no therapeutic benefits,
respectively [303]. The advantages of using tenipdelivery systems are that plasma
concentration levels are maintained within the apeutic range and there are reduced

incidences of toxicity or therapeutic failure [301]

Distribution control systems aim to localise drugti@n by restricting absorption of a
therapeutic agent or drug into the general systeinéulation, with the primary advantage of
decreasing adverse effects in systemic regiondswimaintaining high drug concentrations at
the site of action [302]. Distribution systems denparticularly useful for the administration of
toxic drugs such as cytotoxic agents for cancemdtleerapy, thereby reducing systemic
adverse effects. A diagrammatic illustration of iatribution control system, with plasma

concentrations for both the systemic region anddbalised site is depicted in Figure 3.2.
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Figure 3.2 Drug plasma concentrations from a distribution trohsystem showing plasma
concentrations in the systemic circulation andret site of action, (redrawn from [302])

The advantages of controlled release systems ig delivery include improved efficacy and
reduced toxicity as the level of drug/therapeutmeunule is maintained within the therapeutic
range. Furthermore, improved patient compliancikidy due to reduced dosing frequencies
and eventually culminates in a better chance oifheutic success [302].

3.2.2 Objectives in Controlled Protein Delivery

The objective of current and innovative drug delveevelopments is to deliver drugs that
facilitate maximum therapeutic performance, de@aaslesirable or untoward side effects, as
well as increase patient compliance. Innovativeydtelivery systems for proteins and peptides
focus on drug delivery that is both controlled aade, in order to maximise the therapeutic

potential of biopharmaceutical molecules.

Therapeutic proteins and peptides often have stadftives resulting in rapid elimination of a

molecule from the body. In order to achieve theudipesuccess, it is desirable to obtain
continuous drug release over extended periods tanmee the therapeutic potential of the
protein or peptide [249,304]. This is particulaitgportant when using proteins that require
frequent administration and where the use of aaswd release formulation would reduce the
frequency of administration that is required to mt@in the blood protein levels at therapeutic

levels.
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The use of controlled release systems for the elgliof proteins and peptides may also be
beneficial where the molecule must be releasediisep as opposed to continuous release. An
example of this requirement is in the treatmentiabetes, where the continual release of
insulin from a delivery device would result in sevénypoglycaemic effects. Therefore, the
development of an insulin delivery system that aelgases the protein when required would be
beneficial for the management of insulin-dependdigbetes. Furthermore, the inherent
instability of proteins and peptides to enzymategrhdation and the possible production of
antibodiesin vivo, has been noted and therefore the formulation ofeprs and peptides as
distribution controlled delivery systems would beuable to reduce the incidence of adverse
effects [301].

3.3 ROUTES OF PROTEIN DELIVERY

3.3.1 Introduction

Different routes of administration for peptides andteins have been described and reported in
the literature. These vary according to the speqifiotein in a delivery system and the
therapeutic indication of that protein. The desitiedrapeutic goal is important to consider in
the formulation development stages, depending endésired release rate, be it controlled,
sustained, pulsatile, or immediate release. Theaiired|, duration of action to achieve a
therapeutic goal must also be considered in thadtation development process. Approaches
to solving protein delivery issues include the akeral, transdermal, nasal and ocular routes of

delivery as well as the parenteral route.

3.3.2 Oral Delivery

3.3.2.1 Introduction

The oral route of drug delivery is the most favaureute for the administration of medicinal
agents and is the most widely used method for deliyery [240,242]. However, the primary
challenge with respect to oral delivery of protearsl peptides is the inherent instability of
these agents to digestive enzymes and pH in theogasestinal tract (GIT) which result in
protein degradation. Moreover, the low permeabiityproteins and peptides across the gastric

and intestinal mucosa limits the feasibility of thee of this route for protein delivery [242].
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Barriers to the oral absorption of proteins andtipes may be described as physical, chemical
and enzymatic [305]. The physical barriers to apison of proteins and peptides include the
large molecular size and hydrophilic nature of ¢h@sacromolecules, which renders them
unable to traverse aqueous channels and tightigursctbetween epithelial cells and cross

lipophilic epithelial cell membranes in the GITspectively [305].

pH induced degradation in the GIT refers to acidused degradation in the stomach, where
larger protein and peptide molecules are brokenndtmvtheir constituent amino acids and
smaller peptide units such as dipeptides and ftiighep In addition, the stability and

conformation of proteins and peptides is dependargnvironmental pH and changes in pH in
the GIT from acidic pH values in the stomach tlasidic and more alkaline pH values in the
lower GIT, results in changes in conformation aaldlihg of proteins and aggregation. These

factors reduce the therapeutic potential of oradigninistered proteins and peptides [305].

The GIT is rich in enzymes that degrade proteirs@eptides by hydrolysis of peptide linkages
or by chemical modification of the molecules bydation, reduction, or phosphorylation [305].

The small intestine contains the largest surfaea &or drug absorption, but also contains the
largest number of hydrolytic enzymes secreted ftbenpancreas, mucosal cells and from the

brush border of epithelial cells [305], to whiclof@ins and peptides are susceptible.

Advances in formulation technology, stabilisatidnpooteins and peptides in the GIT and the
possibility in increasing permeability across tlaestgic mucosa have resulted in a corresponding
increase in the oral bioavailability of these males from as low as 1% to between 30 — 50%

for some proteins [242].

However, it is important to note that technologissd in oral delivery systems must not affect
the overall integrity of the intestinal lumen ohet endogenous biological systems since this
may result in serious interactions with other drtigat may be concomitantly administered

[306].

Whilst the improvement in the bioavailability ofeftapeutic proteins and peptides may offer
obvious advantages to improving therapeutic outrae increase in the absorption of drugs
may also have detrimental effects for agents withaerow therapeutic range. Variability in

absorption of drugs from the GIT may be a resulagé or genomic factors and concurrent

pathophysiological conditions that may compromise structure of the intestinal mucosa. As a
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result, increased absorption may cause high pldswads of a therapeutic agent and result in
fatal effects, such as for example high plasma lsev@# insulin resulting in excessive

hypoglycaemia causing coma and death [306,307§. therefore important that the safety and
efficacy of oral biopharmaceutical dosage formsadidition to pharmacokinetic parameters of
proteins, such as bioavailability and distributlms well established [306]. The effects of long-
term administration of excipients such as permeatinhancers or enzyme inhibitors on the
integrity of the GIT and systemic physiology mulstoabe evaluated if any formulation is to be

used chronically [307].

3.3.2.2 Chemical Modification

Absorption of a molecule across the intestinal nsacis a function of the lipophilicity of that
molecule. The degree of lipophilicity allows a nmie to partition into the lipid epithelial cell
membranes and be transported into and throughceiludar spaces [308]. However, the
hydrophilic nature of the majority of proteins apdptides limits their GIT absorption and
therefore some formulation strategies have focoseihcreasing the lipophilicity of protein and
peptide molecules.

Lipidisation of molecules describes the covalentnjggation of a hydrophobic

moiety/compound to proteins and peptides whichltesu an increase in the lipophilicity of the
proteins and peptides [307]. An example of lipitd@ais the synthesis of palmitoyl derivatives
of insulin that have increased the absorption efllin in the GIT as compared to unmodified
insulin [309]. However, there is also a likelihoofli reduced bioactivity of molecules that is
associated with such chemical modifications andefioee, the synthesis of reversible modified
molecules has been investigated. In such casedisifion is reversedh vivo but results in

improved epithelial absorption and stability [310].

PEGylation results in the increased stability aftpins because of protection of the molecules
from proteolytic degradation and has been inves@ydor improving the bioavailability of

orally administered insulin [311].

The addition of novel functional groups to proteind peptides molecules that allow for

receptor recognition or use of a delivery carrigstem may also be undertaken in an attempt to
improve the biopharmaceutical profiles of orallyidered peptides and proteins [242,306]. The
main purpose for the addition of novel functioniefitto proteins and peptides is to improve

absorption by manipulation of endogenous transpamter molecules recognised in the GIT
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and therefore allow for the shuttling of therapeuifoteins and peptides across GIT mucosa.
Examples of associated protein transport mechanisitlsde membrane transporters and
receptor-mediated endocytosis that recognise aednalise their specific ligands attached to

macromolecules, and therefore ferry them acrosgithstinal lumen [306].

Conjugation of insulin with transferrin increasesulin permeability across the GIT mucosa
through receptor mediated transcytosis, which ntymasults in the absorption of transferrin
[312,313]. In addition, it has been proposed thatdonjugation of insulin with transferrin also
protects insulin from enzymatic degradation in @& [313]. Transferrin has also been
conjugated to recombinant granulocyte colony-stating factor, where efficacy of the

conjugate was found to last for up to three (3)sday compared to only one (1) day, following
subcutaneous administration of the macromolecuits inative form [314]

3.3.2.3 Formulation Strategies

Addition of protease inhibitors to protein formudats has been investigated with some success
for improving the oral bioavailability of proteirad peptides, although the success of protease
inhibitor use requires a full understanding of eneyspecificity for a particular protease
inhibitor [315]. Examples of protease inhibitorglude aprotinin for trypsin and chymotrypsin
inhibition and amastatin, bestatin and boroleuciri inhibitory effects for aminopeptidases
[315]. To improve the oral bioavailability of ingn] sodium glycocholate, camostat mesilate
and bacitracin are effective in the large intestaithough it has been reported that the activity
of these molecules was limited when used in thellsimi@stine due to numerous enzymes
present in that region of the GIT [316]. Soybeatraet contains proteolytic enzyme inhibitors
and has been used to improve insulin bioavailghi8t.7]. In vitro studies have indicated that
soybean extract reduces the degradation of insulien exposed to simulated intestinal and
gastric fluid, thereby making soybean extracts midély useful in formulations for the oral

administration of insulin and other proteins [317].

Absorption enhancers may also be used to improgeothl bioavailability of proteins and
peptides from the GIT [305]. Absorption enhancees/rfunction in different ways and include
agents that disrupt the integrity of the epithetiaicosa by opening tight junctions, decrease
mucus viscosity, and promote leakage of proteimsutih membranes or are able to shuttle
proteins and peptides via specific membrane pratamsporters [305]. Examples of permeation

enhancers include chelators, surfactants, bils,dalty acids, and their derivatives [305].
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In addition, practical approaches to enhancingigepand protein bioavailability include the
use of enteric coating for protection of biopharmairal molecules from pepsin digestion in
the stomach. The coating prevents the releaseuaitain/peptide in the stomach, but allows for
the rapid release of drug in duodenum thereby piogia higher concentration of therapeutic
proteins and peptides at the epithelial surface mochoting faster absorption of the molecule
into the systemic circulation [306]. Other stragegifor absorption enhancement include a
temporary decrease of the local pH in the smaksiime, adhesion to mucous membranes
allowing longer contact times with the mucosa, adlvas colon targeting where there are
minimal proteolytic enzymes [306]. In most casespmbination of different approaches to oral

delivery often results in the successful developneéa formulation for oral use.

3.3.2.4 Particulate Delivery Systems

The primary advantage of particulate delivery systeis their ability to protect protein
molecules against enzymatic degradation and to igowa pathway for the transfer of
macromolecules across epithelial cell walls. Exawpf particulate delivery systems include
hydrogels, microparticles, nanoparticles and lipabed systems such as liposomes and solid

lipid nanopatrticles [306].

Solid lipid nanoparticles are prepared from soligids, have a mean photon-correlation
spectroscopy diameter ranging between 50 — 1000anih,are enclosed in a surfactant layer
[318]. Solid lipid nanoparticles may be likened @émulsions that contain oil droplets, but
instead a solid lipid phase as opposed to a ligglidsed in their manufacture [318]. The
advantage of lipid-based patrticles is their in&pito entrap hydrophilic proteins and peptides
efficiently and therefore promote drug stabilitydamapid release [306]. Colloidal lipid
nanoparticles coated with chitosan have been reamead for the oral delivery of peptides,
using salmon calcitonin as a model drug [319]. d.ipanoparticles improved the bioavailability
of molecules by increasing permeability acrossGhE mucosa and potentially increasing blood
residence time through modification of the biodigttion of drugin vivo. A combination of
lipid nanoparticles with chitosan, a bioadhesivdyp@r that also increases transmucosal
absorption of compounds and the stability of nanigas in simulated gastric and intestinal
contents, is likely to result in an increased ba@kability as reported for salmon calcitonin
[319]. In addition, chitosan coated nanoparticlagenbeen shown to increase the permeability
in Caco-2 cell monolayers by reducing the transefial electric resistance of the cell layer.

This effect results in sustained release of caigitdollowing the administration of calcitonin
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containing chitosan coated nanoparticles [319].irAilar technology using chitosan to coat
liposomes was also used for an oral calcitoninvdgli system [320].

Lectins are a structurally diverse class of praenith the ability to bind carbohydrates and
glycosylated sites in epithelial cell membranegshef GIT mucosa, facilitating drug transport
across cellular membranes [321]. Lectin-modifiedidsdipid nanoparticles have been
investigated as carriers for oral administrationnsilin [321,322]. Lectin-modified solid lipid
nanoparticles were able to protect insulin fromrddgtion by digestive enzymasvitro andin

vivo results indicated an improved oral absorptiometiiin from these delivery systems [322].

The formulation of insulin-transferrin conjugatedthwpH sensitive complexation hydrogels
prepared from UV initiated free radical polymerisat of methacrylic acid (MAA) and
methoxy-terminated poly(ethylene glycol) monometiilate (PEGMA) consisting of cross-
linked polyMAA grafted with PEG chains was found facrease insulin-transferrin
bioavailability [323]. The enhanced bioavailabilié§ insulin is a result of an increased GIT
residence time by adherence of the formulationh®o GIT mucosa and inhibition of insulin
degradation in the GIT [323]. pH sensitive comptexahydrogels may be considered suitable
for oral delivery of proteins or peptides, as theg able to respond to changes in pH in the GIT
thereby protecting biopharmaceutical agents frongrattation. Reversible formation and
dissociation of polymer chains in pH responsivaeays is the principal mechanism by which
drugs are protected in these systems. At acidicvaldes, such as those that occur in the
stomach, polymer chains interact strongly, entnagiroteins and peptides within the network,
thus protecting them from acid induced degradatitmwever, at higher pH values (pH > 5.2)
the polymer networks dissociate because of iomisadi the acidic functional groups, causing
repulsion of the polymeric chains and subsequeleiase of the entrapped macromolecules
[324]. Furthermore, complexation hydrogels are alite enhance the transport of
macromolecules, including insulin [324,325], acrdke intestinal mucosa increasing their
potential applicability as oral protein and pepiitiivery systems.

Multiple water-in-oil-in-water (w/o/w) emulsions@more complex systems than simple oil-in-
water (o/w) or water-in-oil (w/0) emulsions and timese systems, drops of the dispersed oll
phase contain smaller dispersed water dropletsctivaist of the same phase as the continuous
water phase [326]. These systems are intrinsithlymodynamically unstable systems and the
inherent instability limits their use as drug deliy systems, which must be stabilised using

appropriate combinations of surfactants. Cele al. [326] reported using complexes of
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poly(acrylic acid) and hydrophilic poloxamers, suak PF-127 in the aqueous phase in
combination with lipophilic surfactants to prepatable emulsions for oral protein delivery.

The described method was used for the deliverynsidilin and was shown to be suitable for
either rapid onset or sustained action preparati@pending on the type of complex formed
between poly (acrylic acid) and PF-127 [326].

3.3.2.5 Site Specific Delivery in the GIT

The ileum is an attractive site for macromolecwdhsorption since it has the capability and
mechanism that allows for the absorption of largelecular entities. The uptake systems
include the ileal uptake pathway suitable for calrah absorption that uses a receptor mediated
transcytosis mechanism, which allows the absorpifocobalamin bound to an intrinsic-factor,
by the intrinsic-factor receptor [305]. Conjugatiaf peptides to cobalamin is a possible
mechanism of increasing the oral absorption ofigeptand proteins and has been reported to
effectively bind conjugates to the intrinsic-factmeceptor, thereby allowing absorption of

peptide entities [327].

The colon has markedly reduced enzymatic activitic@mpared to other regions of the GIT,

resulting in reduced degradation, in addition fr@onged residence time, making the colon an
attractive site for targeting protein and peptitbscaaption [305]. The drawbacks of the large

intestine for targeted delivery are that it hasnalter surface area/volume ratio compared to the
small intestine and has fluctuating pH that is deleat on the type of food that is consumed
[305]. An example of colon specific delivery systeinclude the use of pH responsive systems
that respond to varying pH values in the GIT, alfayfor the release of a drug in the alkaline

environment of the colon [324,328] as described $13.2.4.

3.3.3 Nasal Delivery

3.3.3.1 Introduction

The nasal route of delivery has been investigatedraalternative non-invasive route for the
administration of proteins [329] as this route pisnpainless self-administration of drugs
thereby potentially improving patient complianced acceptability. Due to the impracticality
and challenges associated with achieving successdb protein delivery and the unpopularity
of parenteral delivery due to the pain associatild iwjections, the nasal route is a potentially
feasible and attractive avenue for protein deliv@tye primary advantages of nasal delivery are

that absorption can be highly efficient becaus¢heflarge surface area for absorption, a thin
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diffusion pathway to the blood stream exists, dmetd is less proteolytic activity in the nasal
mucosa as compared to the GIT [330]. In additiberd is no hepatic first-pass metabolism as
therapeutic agents are absorbed directly into ystemiic circulation [331]. Furthermore, rapid
absorption and onset of action that occurs follgwitasal delivery is comparable to that
obtained following the intravenous administratidrdougs, because of the rapid absorption and
rich vasculature of the nasal tissues [332].

The main challenges to success of intranasal adtratibn of proteins and peptides are the low
bioavailability of these agents due to a low mut@sameability because of the hydrophilic
nature of proteins and peptides and enzymatic dagjom in the nasal tract [333]. Additionally,
the large molecular weight of proteins render delivthrough this route a pharmaceutical
challenge [334] and the efficient physiologicalnghation mechanism and nasal mucociliary
clearance of proteins and peptides from the naaat further reduce bioavailability of agents
delivered using the nasal route [335,336]. The was used in nasal delivery systems are
limited to between 25 — 15 per nostril [332] and it is therefore importahat in formulation
development, dosage strength is considered, witicpkar regard to the volume of formulation
to be administered. In addition, pharmacokinetiapeeters including bioavailability from the
nasal tract must be evaluated. Formulation devedopenin nasal delivery systems have
therefore focused on a means to increase the biabnigy of proteins and peptides by a variety

of techniques.

3.3.3.2 Formulation Strategies

Strategies to improve the bioavailability of pepsdand proteins in the nasal cavity have
included the use of a combination of a surfacteniréth-25) and a mucolytic agent (N-acetyl-
L-cysteine), which was used in a delivery systems@mon calcitonin [337]. The mucolytic
agent decreases the viscosity of mucus in the t@sd) allowing for rapid surfactant diffusion
into the epithelial membrane, where it increasembrane fluidity and permeability to proteins
and peptides [337]. The use of the mucolytic ag@acetyli-cysteine) in a powder
formulation using ethylcellulose as a water ins@ubert excipient was reported to increase the
nasal bioavailability of calcitonin in rats and dof337] and a faster absorption rate for the
molecule was observed as compared to subcutaneadisinistered calcitonin. In addition, the
combination did not result in irritation of the aasnucosa therefore suggesting the potential
utility of N-acetyli-cysteine in combination with ethylcellulose forofgin and peptide

delivery.
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Absorption enhancers have been investigated asaasvd improving the nasal bioavailability
of drugs from nasal formulations. One such exangpiodium glycocholate, a bile salt, which
may act by interaction with membrane lipids andyematic inhibition and opening the tight
junctions between epithelial cells, thereby incirgshe transport of macromolecules across the
epithelium [331]. The use of sodium glycocholatecombination with glycofurol resulted in
increased nasal absorption of a model peptide jdeeptin rabbits [331]. Additional absorption
enhancers that have been investigated include samt¢338,339], which may increase the
permeation of proteins due to its bioadhesive &ffecausing a reduction in mucociliary
clearance of nasally administered proteins. Intémdichitosan is reported to have the ability to
temporarily widen tight epithelial junctioria vivo [338,339]. Furthermore, cationic chitosan
molecules are able to interact with the negatizbigrged mucosal surface and this interaction is
enhanced by the use of large molecular weight shits, which bind to membranes for
extended periods [339]. The use of dimethylyclodextrin has been proposed as a permeation
enhancer for protein/peptide powder formulation40[3 The use of absorption enhancers in
nasal formulations has a major drawback of causowal irritation and toxicity that is
undesirable in therapy and therefore absorptioramecdrs that are investigated for nasal use
must be rigorously tested fan vivo toxicity and for short and long-term effects ore th
mucociliary system.

Sucrose cocoate, an emulsifier has been invedigatea means for improving the nasal
bioavailability of insulin and calcitonin in rat841] and it was reported that preparations of
insulin and calcitonin containing 0.5% sucrose eteaesulted in a rapid decline in plasma

glucose and calcium levels, respectively due tdartbeeased circulatory hormone levels.

Liquid and/or powder formulations may be used fasal delivery and some studies
[335,340,342] have shown that powder formulations more stable and allow for better
absorption and hence higher bioavailability comgdceliquid dosage forms. This is primarily a
result of the longer duration of contact of thenfiafation at the epithelial cell surface when
powdered formulations are used compared to ligwdade forms [335]. Dry powders for
inhalation containing human parathyroid hormoneewmgrepared by spray drying a blend of
parathyroid hormone, lactose, and dipalmitoylphasiglglcholine and were assessedifowivo

bioavailability and safety in rats [343]. A spinbaldevice was used to administer the
formulation and no acute inflammation was obserfeedip to 48 hours following a single dose

administration, indicating the non-toxic or nonitancy behaviour of the formulation [343].
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Protein and peptide formulations for nasal delivergy also be formulated as jet or ultrasonic
nebulisers, metered dose inhalers, and dry povnthateérs [344].

3.3.3.3 Particulate Delivery Systems

The use of colloidal carriers has been investigateda mechanism for improving the
permeability of proteins and peptides across nggigthelial tissue cells [345]. The potential for
use of chitosan as a colloidal carrier for nas#ivdey has been investigated, whereby chitosan
forms colloidal particles that entrap proteins gmghtides and improve their permeation in the
lungs [345].

Nanoparticles made of conjugates of pblyactic acid) with ethylenediamino or
diethylenetriamino bridged bjgcyclodextrin) have been investigated for use imtgin

delivery systems [346], where bovine serum albun@B8A) was encapsulated within
nanoparticles and have an improved pharmacokimetéle. Poly(lactic acid) poly(ethylene
glycol) nanoparticles [347] and N-trimethyl chitaosaanoparticles [348] have also been
investigated as protein and peptide delivery maltiat show high loading efficiencies and

low cytotoxicity.

3.3.4 Transdermal

3.3.4.1 Introduction

The transdermal route of administration has theeml for use as a non-invasive delivery
route for therapeutic agents to the systemic cteuh via the skin [349,350]. The primary
advantages of this route of delivery, besides theinvasiveness nature of the route, include a
large surface area that is accessible for absormind avoidance of GIT degradation and
hepatic first-pass metabolism, which may lead toirameased bioavailability of therapeutic
agents administered via this route [349,350]. Havethe skin’s outermost layer, tegatum
corneum is lipophilic and impenetrable to many therapewgents [349,350] and therefore
limits the applicability of transdermal deliveryrfbydrophilic compounds such as proteins and

peptides.

To improve the potential of this route of delivépr agents, including proteins and peptides
several techniques that compromise skin structorsmdrease permeability but do not cause
significant clinical damage to the skin, have beaewvestigated [351]. Techniques such as

iontophoresis [352], electroporation [353,354]elafreatment [355], and microneedles [351]
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have been reported to improve the permeabilitthefgkin to macromolecules such as proteins
and peptides. Non-invasive methods offer a lessfplaway of drug delivery compared to the
conventional parenteral route and therefore wouddehthe advantage of better patient
acceptability [351].

3.3.4.2 Transdermal Patches

Transdermal patches are one of the primary meadslivering molecules systemically via the
skin, although their use is limited to low molegulgeight (< 500 Da), highly lipophilic
molecules that are able to permeate dtratum corneunand for potent drugs that are able to
produce biological effects at low doses [350]. Enéactors affect the utility of transdermal
patches for the delivery of peptides and protewtsch have larger molecular weights, and are
usually hydrophilic in nature.

An interesting example of a transdermal protein peptide delivery system is the Macroffux
transdermal patch that is able to deliver biophaeutical agents to a patient with minimal
discomfort, in a controlled and reproducible mar{886,357]. MacrofluR transdermal patches
have a titanium micro-projection array that is»&fl to a polymeric adhesive platform. The
total array may take up an area of up to 8 and the density of micro-projections may be up to
300 micro-projections/ciwith each micro-projection being < 20 in length [356]. Each of
the micro-projections is coated with drug and wtien patch is applied to the skin, the micro-
projections penetrate through thgatum corneuninto the epidermis, from where the drug is
absorbed into the systemic circulation. The adwgta this system is that it can produce a high
rate of absorption promoted by high local conceiumna of drug around the micro-projections

and the large surface area provided by the arrayiai-projections [356,357].

3.3.4.3 lontophoresis

lontophoresis refers to the application of a sroalistant electrical potential or field across the
skin to allow for permeation of both charged andharged molecules across the skin into the
systemic circulation [352]. The amount of drug Eracross the skin barrier depends on the
current, duration of application and surface arfeskim exposed to the drug [352]. This method

has been investigated for the delivery of insud&d,359] and calcitonin [360].
The primary advantage of iontophoresis in proteid peptide delivery is the ability to control

the kinetics of delivery of the therapeutic agéytcontrolling rate of release into the skin. This

approach permits the use of a personalised apprtmdichieving appropriate therapeutic
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outcomes. The flexibility in drug delivery meanstttdosing can be altered as a function of
deterioration or improvement of a condition. In emasn which bolus inputs are required
following basal delivery, tight control of drug dedry and optimised therapy can be achieved
using iontophoresis [352]. Additionally, iontophsi® allows for an immediate onset and rapid
offset of action once the applied current is tematéd and iontophoresis is therefore suitable for
emergency purposes [352]. Moreover, iontophordkisva for the individualisation of therapy
depending on the specific drug to be administeredi the desired therapeutic profile vivo.

For example, iontophoresis can be used to delimeagent using pulsatile and/or continuous
release or by mimicking the endogenous peptidegpratycles [352].

lontophoresis has been demonstrated to delivetimnsuanimals [361], but in humans, it is
more difficult to administer insulin in appropriateerapeutic doses. The transport of large
molecular weight proteins such as insulin is a lelngle when using iontophoresis as large
proteins are unable to permeate through the irgmatum corneuni352]. lontophoresis has
been successfully applied to the administrationsofaller proteins and peptides such as
calcitonin [360] resulting in pharmacological adinn vivo.

Modifications to improve iontophoresis as a drudivéey technique include the use of
poly(lactic-co-glycolic acid) (PLGA) nanospheresest the peptide/protein is encapsulated in
nanospheres and then delivered across the skig ismophoresis [362]. Triptorelin delivery
was reported to have no burst effect in the relpasfle, allowing for sustained and predictable
peptide delivery via this system.

3.3.4.4 Microneedles

The use of microneedles allows the creation ofddrgnsport pathways to permit the diffusion
of molecules into the systemic circulation via #k&n. The pathways that are created are larger
than the dimensions of the molecule that is intdridebe delivered and therefore this technique
provides a possible alternate route for macromddedelivery [351]. Studies to determine the
utility of microneedles as a delivery system intechan increased permeability of several
orders of magnitude and the permeability of macdemdes such as insulin and BSA following
use of microneedles was enhanced [363,364]. Theoliseicroneedles therefore permits an
alternate approach to the use of invasive pardrdeliaery for proteins and peptides.

An attractive feature for the use of microneedlesherapy is the painless manner by which

macromolecules may be delivered to the systemauletion. Microneedles penetrate only to
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between 10 — 20m into thestratum corneunthat contains no nerve endings, therefore offering
the premise of painless drug delivery [351]. Thaleas nature of microneedles delivery has
been investigated in a clinical trial [365] whetbjects reported no pain following the insertion

of microneedles.

Microneedles can be either solid or hollow and egple has specific advantages. The use of
solid microneedles allows different approachestwaase the efficiency of molecule delivery.
The ‘poke with patch’ approach uses microneedlgzrdoluce openings in the skin structure to
increase the permeability of a drug and subsegagplication of a patch containing the drug
results in an improved bioavailability. lontophasesan be applied to deliver the drug more
efficiently, otherwise diffusion is the main mecksan by which drug passes into the skin [351].
In the ‘coat and poke’ approach, microneedles aated with drug prior to insertion into the
skin, thereby allowing drug to be delivered to tiay during the insertion process, with no
drug reservoir required to ensure delivery occ@®51]. Alternatively, the ‘dip and scrape’
method can be used, where microneedles are dippeed drug solution and then scraped across
the skin, leaving the drug-embedded in the micrasibns created by the microneedles [351].
Hollow microneedles permit the incorporation of glinto a hollow space within the needle,
allowing for active fluid flow on application of mioneedles, thereby permitting faster release

rates compared to the use of solid microneedlel|[35

Microneedles have been assessed for use as imgllirery systems in hairless diabetic rats
[366], where solid microneedles were injected itite skin using a high velocity injector. A
solution of insulin was placed on top of the needte a period of 4 hours, during which there
was an observed steady decline in blood glucoseldan the rats. These results indicate the
therapeutic potential of microneedles for insulielicery and their ability to elicit a
pharmacological respongevivo. Hollow microneedles have also been shown to feetefe in

reducing blood glucose levels following applicatioto the skin of diabetic hairless rats [364].

3.3.5 Ocular Delivery

3.3.5.1 Introduction

The ocular route of delivery may be used for th&tesyic delivery of proteins and peptides, as
this route allows for the rapid absorption of agefnom the eye into the systemic circulation
and permits the avoidance of hepatic first passabwdism [332,367]. Instillation of

formulations into the lower conjuctival sac canufes) systemic absorption [368].
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The bioavailability of macromolecules via this reus expected to be lower than that for
smaller drug molecules because of their molecutaedsions, hydrophilicity, and susceptibility
to peptidase degradation in different tissues eefe. One of the key disadvantages to the use
of the ocular route for protein and peptide adntiatgon is that large sized molecules are likely
to result in itching in the eye and lachrymatioausing a reduction in the bioavailability of
therapeutic agents, which are washed out of thdgyears [332,367]. Furthermore, there is an
increased potential for irritation of the eye ahe possible need for frequent instillation or
application of the ophthalmic preparations [332heTdynamics of the lachrymal drainage
system limits the utility of this route of deliveof agents intended for systemic absorption as it
rapidly drains lachrymal fluids and any other ilsti solutions from the pre-corneal area into
the nasal cavity and throat. Drainage of eye fl@dults in rapid elimination and reduced
bioavailability of therapeutic agents administengd the ocular route [368]. Examples of
macromolecules for which absorption through the ieye the systemic circulation has been
observed include enkephalinamide [369], inulin [369], and insulin [371,372].

3.3.5.2 Formulation Strategies

The use of insulin solutions for ocular deliveryshleen investigated [373-375] but

bioavailability of insulin was limited due to thepid clearance of topically administered

solutions from the eye. Failures in these formalati indicates the need for use of permeation
enhancers or alternate formulation optimisatiomtsgies to increase absorption of ocularly
administered proteins and peptides. The use of gation enhancers is limited compared to the
transdermal route because of the sensitivity ofeiye to different chemical entities. An issue
when using permeation enhancers for ocular deliwvecudes the potential toxicity to the

ophthalmic tissues following repeated and long-tepplication of products [376].

Examples of agents that have been used includesadeum salts of bile acids such as
taurodeoxycholate, taurocholate, glycocholate amdxgcholate salts which increase the
permeability of insulin [372,377], showing the patial use of bile salts for application to the
eye. Other examples of permeation enhancers indude [371,372], saponin [378,379], Brij
78 [380].

Sucrose cocoate has been investigated as a meanprtove the ocular absorption of insulin
[341] in rats, where it was observed that an imspfieparation containing 0.5% sucrose cocoate
resulted in increased insulin plasma levels witboaresponding decline in plasma glucose

levels. Tetradecylmaltoside, a long chain alkylcglside was found to promote calcitonin
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absorption, albeit to a lesser extent than thaemasl following the nasal administration of
calcitonin [381].

Ocular formulations may also be prepared as viscenistions, suspensions, and using
liposomes, in an attempt to increase the bioauditlalf ocularly administered drugs [368].
Increased bioavailability would be expected witbreased viscosity of formulations because of

the longer contact time and reduced clearanceedfiotmulation in and from the eye.

3.3.5.3 Particulate Delivery Systems and Intraocimaplants

Liposomal delivery systems have been evaluatedthier ocular administration of insulin
[371,382] with the primary intention of sustainiagd controlling the rate and extent of insulin
release. Thein vitro results indicate a sustained release could be \smhievith these
formulations andn vivo studies in rabbits resulted in a decrease in @agioncose levels [382].
The comparison of therapeutic effectiveness ofdgmoal formulations and solution of insulin
solution with or without permeation enhancers stobthat the liposomal formulation produced
a prolonged glucose lowering efféotvivo as compared to the solutions [371].

The utility of an ocular insert for sustained rekeaof insulin using Gelfoat which is an
absorbable gelatine sponge, as the insulin camias, investigated for sustained release of the
protein [383]. One of the advantages of this tetbgyofor ophthalmic administration of drugs
is that when Gelfoafhabsorbs the aqueous components of tears, it bacsofieand pliable and

is comfortable in the eye [383]. Brij-78 was usexi am absorption enhancer and the result
indicated that the use of an insert resulted inirattbn of action of approximately 10 hours as
compared to 0.9 hours for an insulin solution wheang of insulin was administered, indicating
the potential usefulness of the device for theratled delivery of the insulin [383]. Brij-78 as a
permeation enhancer was fo