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Abstract

Vasopressin (AVP) was one of the first peptides to be extracted and produced synthet-

ically in the early 1950s. Since then AVP and its analogues have been increasingly re-

searched as both AVP agonists and antagonists have therapeutic uses. Although much

time and effort has been used to design potent selective AVP agonists and antagonists,

very few have reached the market. AVP agonist analogues have only been approved

for diabetes insipidus and variceal bleeding. Current main stay treatment for diabetes

insipidus is desmopressin, a synthetic analogue of AVP. Desmopressin is well tolerated

by the majority of patients, however severe adverse affects, such as hyponatraemia and

water intoxication require a strict fluid intake, restricting fluid intake. Our aim is to

develop METx for the treatment of diabetes insipidus to help overcome some of the

limitations in lifestyle. The solubility and aggregation of METx was measured using

the shake flask and pyrene assay respectively. The activity of METx was determined

by measuring cAMP production by MDCK cells. The activity of METx was compared

to that AVP, the natural agonist of the vasopressin receptor. Formulation studies were

performed using GCPQ to create a formulation that could be used subcutaneously or

orally. The stability of GCPQ formulations was determined in plasma, simulated gast-

ric fluid (SGF) and rat intestinal wash (RIW). The activity of METx was measured

in vivo by monitoring the urine production of rats upon administration of METx in-

travenously. METx was practically insoluble in aqueous solvents such as water and

PBS, with increased solubility in organic solvents. Using TEM imaging aggregation

of METx of was seen, the pyrene assay determined the critical micelle concentration

to be 27.4mg l-1. METx was found to be a partial agonist of the vasopressin 2 re-

ceptor naturally expressed on the MDCK cells, it exhibited a similar EC50 to AVP.

Formulating with GCPQ a ratio of 1:5 (METx:GCPQ) was found to be the most stable

in plasma, SGF and RIW. In vivo studies found METx to have a dose dependent re-

duction in urine production in rats, with 40mg kg-1 rats not producing any urine. The

experiments suggest the development of a novel partial agonist of the vasopressin 2 re-

ceptor in vitro. The addition of GCPQ results in the formation of nanoparticles, with a

ratio of 1:5 (METx:GCPQ) most stable in plasma, SGF and RIW. In vivo experiments

resulted in reduced urine production by rats, in a dose responsive manner.
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ESI Electro Spray Ionisation

EtOH Absoulte Ethanol

Et2O Ether

Et3N Triethylamine

EUP European Pharmacopeia

FBS Fetal Bovine Serum

FCS Fluorescence Correlation Spectroscopy

FDA US Food and Drug Administration

GAG Glycosaminoglycan

GC Glycol Chitosan

GCPQ Quaternary Ammonium Palmitoyl Glycol Chitosan

GI Gastro-Intestinal

GLP Glucagon like peptide

GPC Gel Permeation Chromatography

GPC-MALLS GPC Multi Angle Laser Light Scattering

GPCR G Protein Coupled Receptors

HA Hyaluronic Acid

HCl Hydrochloric Acid

HCP Health Care Professional

HEK Human Embryonic Kidney

HPLC High performance Liquid Chromatography

IBMX Isobutylmethylxanthine

IFN Interferon

IL-7 Interleukin 7

IP Intraperitoneal

IP3 Inositol Trisphosphate

IUPAC International Union of Pure and Applied Chemistry

IV Intravenous
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Kd Dissociation constant

LENK Leucine-Enkephalin

MALDI Matrix Assisted Laser Desorption/Ionisation

MCN Magnocellular Neurons

MDCK Madin-Darby Canine Kidney

MeCN Acetonitrile

Me3I Methyl iodide

MeOH Methanol

MeOH-d4 Deuterated Methanol

MPS Monophagous system

MS Mass Spectrometry

MSMS Tandem Mass Spectrometry

MWCO Molecular Weight Cut Off

m/z Mass to Charge ratio

NaCl Sodium Chloride

NaI Sodium Iodidie

NaOH Sodium Hydroxide

NDI Nephrogenic Diabetes Insipidus

NE Nocturnal Enuresis

NEAA Non Essential Amino Acid

NMP N-Methyl-2-pyrrolidone

NMR Nuclear Magnetic Resonance

NTA Nanoparticle Tracking Analysis

OXT Oxytocin

OXTR Oxytocin Receptor

PBS Phosphate Buffered Saline

PCL Polycaprolactone

PDI Polydispersity Index

PKA Protein Kinase A

PLA Poly Lactic Acid

PLGA Poly(lactic-co-glycolic acid)

PNS Palmitic acid N-hydroxysuccinimide
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PGC Palmitoyl Glycol Chitosan

QELS Quasi Ecstatic Light scattering

rHu Recombinant Human Hyaluronidase

RIW Rat intestinal wash

RT Room Temperature

SC subcutaneous

sCT Salmon Calcitonin

SGF S imulated gastric fluid

TAL Thick Ascending Limb

TDL Thin Descending Limb

TEM Transmission Electro Microscopy

TMC Trimethyl Chitosan

TMS Tetramethylsilane

USP US Pharmacopeia

V1AR Vasopressin 1A receptor

V1BR Vasopressin 1B receptor

V2R Vasopressin 2 receptor

WHO World Health Organisation
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Chapter 1: Introduction

1.1 Peptide Therapeutics

Peptides are defined as a short chain of amino acids that are linked to each other in

sequence by peptide bonds, when the chain of amino acids increases above 100 this

amino acid chain is classified as a protein [1], while some others classify proteins as

molecules with more than 50 amino acids in their sequence [2]. Peptides are select-

ive and efficacious cell signalling molecules that bind to G-protein couple receptors

(GPCR) or ion channels triggering intracellular responses [3]. Peptides have a role

in regulating many physiological processes. Their functions include endocrine sig-

nalling, acting as neurotransmitters and acting as growth factors [4].

Peptides provide a number of advantages over more traditional small molecule

agents, due to their increased number of interactions with the receptor site [5]. In

comparison, small molecules which are less specific, can build up in non-specific or-

gans. This can result in severe toxic side effects [6]. Peptides offer other advantages

over conventional small molecule drugs such as high potency, high specificity, low tox-

icity and minimal drug-drug and nonspecific interactions [7, 8]. Table 1.1 highlights

the advantages and disadvantages of peptide therapeutics.

Over the past decade peptides have been researched and utilised for a wide range

of applications in medicine and biotechnology. One of the greatest developments that

has helped this is the ability to produce peptides on a larger scale and in high quality.

This has helped to reduce the overall cost and time of production. This allows for an

easier method to produce hit analogues, speeding up the process from drug discovery
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Table 1.1: Advantages and disadvantages of peptide based therapeutic agents [3, 5, 6].

Advantages Disadvantages
High potency Poor metabolic stability

High selectivity Poor membrane permeability
Lower toxicity than small molecules Rapid clearance

Low accumulation in organs Poor oral bioavability
Lower number of drug-drug intreactions Chemically and physically unstable

Shorter time to market

to lead optimisation [9]. This has meant that peptides can be seen as a more realistic

option as supply is able to meet demand.

The use of peptides in a medical environment is not a new phenomenon, peptide

based therapy started almost 100 years ago with the use of bovine insulin for diabetes

mellitus [10, 11]. There are currently more than 60 peptide based medicines approved

by the US Food and Administration (FDA), with around 140 in clinical trials and more

than 500 in preclinical testing [12]. The majority of these are small sequence peptides

(8-10 amino acids long) [5]. In 2014, the global peptide market had been forecast to

increase from US$14 billion in 2011 to US$ 25 billion in 2018, with the market for

novel peptide to increase from US$8 billion to US$17 billion [13]. One of the reasons

for this is due to the high success rate in target validation within the drug development

stage compared to that of small molecules [14].

In the past few years, larger proteins and antibodies have also received much more

attention [15]. However, peptides are smaller than proteins and antibodies. This

provides some advantages, as they are easier to synthesise, do not cause immune re-

sponses and do not build up in the organs [6, 16].
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1.1.1 Vasopressin and Oxytocin

The vasopressor effect of arginine vasopressin (AVP) was first reported in 1895 after

discovering the extracts of cow pituitary had a vasopressor effect [17]. The uterotonic

effect of oxytocin (OXT) was reported by Sir Henry Dale after he found an extract from

the human posterior pituitary gland had a uterotonic effect [18]. This was followed

by the work of Du Vigneaud in the 1950s, who discovered the structure of of AVP

and OXT and the ability to chemically synthesise them [19, 20]. This became one

of the first peptide hormones to be synthesised and won Du Vigneaud a Nobel Prize

for chemistry in 1955 [21]. Since then, both AVP and OXT have been the focus of

intensive research as both agonists and antagonists have various uses [22, 23, 24].

1.1.1.1 Physiology

AVP and OXT are synthesised in the neurons of the hypothalamus and are transported

along their axons to the posterior pituitary. They are stored in the pituitary and released

into the blood stream in response to detectors in the hypothalamus. AVP and OXT are

9 amino acids long, nona-peptides, with a disulphide bridge between two cysteines

at amino acid 1 and 6. AVP and OXT differ from each other by two amino acids,

in position 3 and 8. OXT contains isoleucine (Ile) and leucine (Leu) at position 3

and 8 respectively where as AVP contains phenylalanine (Phe) and arginine (Arg) at

position 3 and 8 [25]. Figure 1.1 shows the structure and sequence of AVP and OXT,

the differences in the structures are highlighted by the blue circles and squares.

Despite the similarities in their structure both AVP and OXT have very different

effects in the body. AVP plays an important role in maintaining the body′s fluid os-

molality, blood pressure and adrenocorticotropin (ACTH) secretion [26]. AVP does

this through receptors found at different sites in the body; the receptors are grouped

together depending on their secondary messenger, either calcium (Ca+2 ) for the vaso-

pressin 1 receptor or cyclic adenosine monophosphate (cAMP) for the vasopressin 2

receptor (V2R). However both OXT and AVP show some binding affinity for their

respective opposite receptors [27]. The binding affinity of each of AVP and OXT on
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Figure 1.1: Structure and sequence of AVP and OXT, difference in sequence and structure are
highlighted in blue

human AVP and OXT receptors is shown in table 1.2.

Table 1.2: Binding affinity of AVP and OXT for human AVP and OXT receptors [28, 29]

Binding Affinity (nM)

V1AR V1BR V2R OXTR
AVP 1.7 1.1 1.1 1.65
OXT 64 167 1782 0.79

The vasopressin 1 receptor is divided into two groups, vasopressin 1A receptors

(V1AR) and vasopressin 1B receptors (V1BR). V1AR are found on the vascular smooth

muscle, myocardial smooth muscle, platelets, and hepatocytes. When AVP activates

V1AR this results in vasoconstriction in both the coronary and peripheral circulation,

platelet aggregation and gluconeogenesis [30]. The V1BR is found in the anterior

pituitary and when this activated by AVP this results in the release of ACTH. The role

of V1BR is not entirely understood, however animal experiments suggest it has a role

in emotional behaviour [31].

V2R are found within the collecting duct tubules of the kidney and mediate the

reabsorption of water. AVP results in the insertion of aquaporin-2 water (AQP2) chan-
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nels into the apical membrane of the collecting ducts. This then results in increased

water permeability and an antidiuretic effect. This is why AVP is also commonly

called anti-diuretic hormone (ADH) [32].

OXT acts on the oxytocin receptors (OXTR) found in the uterus, ovaries and parts

of the brain [33]. Activation of the OXTR by OXT results in contraction of the uterine

smooth muscle during labor and milk ejection during lactation [25]. Previously OXT

was thought to be a female specific hormone, but more evidence is pointing to the

role of OXT in males. It has been found that OXT is also synthesised in male testis,

epididymis and prostate and plays a role in contractility, spermatogenesis and androgen

metabolism in men [34].

1.1.1.2 Development of Vasopressin Agonists

Much time and effort has been used to develop agonist and antagonists for both AVP

and OXT. Many reviews have covered the development these over the years [23, 22].

AVP agonists and antagonists can be used in conditions either linked to constriction of

blood vessels or blood volume. The common use of AVP agonists is for the treatment

of diabetes insipidus (DI). DI occurs due to reduced secretion of AVP and/or decreased

activity of AVP [35]. Other conditions that can be treated with AVP agonists under

current investigations and clinical trials are for are urinary incontinence, nocturnal

enuresis; where the V2R is targeted [36] and septic shock where V1AR is targeted

[37]. AVP antagonists have uses in congestive heart failure (V1AR), different types of

hyponatremia (V2R), polycystic kidney disease (V2R) and some forms of hypertension

(V1AR) [30].

The first attempts at developing AVP agonist were performed by modifying the

peptide structure of AVP. The agonists development had enhanced antidiuretic effect,

improved plasma stability and a better selectively for V2R over V1AR [38]. These

studies lead to the discovery of desmopressin. Desmopressin differs from AVP by two

modifications; deamino of the Cys at position 1 and substitution of L-Arg with D-Arg

at position 8 [39].
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Early structure activity studies had found that that the 20 member cyclic ring was

essential for affinity for both AVP and OXT [40]. Other early studies also showed that

the carboxy terminus (tripeptide tail) was essential for activity but not binding [41]. A

summary of these are shown in figure 1.2.

Some of the first modifications performed in Du Vigneaud′s lab were preparing

peptides with elements of both AVP and OXT to study the links between their chem-

ical structure and biological properties. Arginine vasotocin (AVT) was the result of

replacing Phe (position 3 of AVP) with Ile (position 3 of OXT). It was found that AVT

had lower AVP activity [42]. This provided the information of the importance of Phe

at position 3 in AVP agonists [43]. However, more recent studies by Stove et al. have

found that some modifications at position 3 produced peptides with either similar or

better activity than AVP. The modifications were made with various amino acids that

have aliphatic R groups [44].

Other modification studies have been performed at position 2 of AVP, with substi-

tution of Tyr with either bulky, aromatic or conformationally constrained groups, and

these peptides were found to have little of no activity at the vasopressin receptors [45].

However, in another study the substitution of Tyr with 3,3-diphenyl-L-alanine or its

D-enantiomer was shown to provide an improved antidiuretic effect with both the L

and D-enantiomer′s activity twice that of AVP [46].

Research into modifications at position 4 of AVP found this resulted in diminished

V1AR and V2R activity, but increased V1BR activity. Cheng et al tested modifications

of AVP at position 4. The amino acids at position 4 had been substituted for deamino

acids with differing side chains. The affinity of these new peptides was tested for

the AVP and OXT receptors. Experiments found that the length and branching of

the aliphatic and aromatic side chain was a determining factor in affinity for the AVP

receptors. Deamino Leu, Lys and non natural amino acids deamino Orn, Har and Cha

were found to to be the best modifications at position 4 [47].
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Alterations of the proline at position 7 have resulted in AVP analogues that have

reduced antidiuretic (V2R) and very little vasopressor (V1AR) activities. This sug-

gests that the proline has more of an effect on vasopressor activation than it does on

antidiuretic activation [48]. Investigations into the importance of the tripeptide tail of

AVP (Pro-Arg-Gly) were performed in a different study. The study found removal of

Pro from position 7 or removal of both Pro and Gly from position 7 and 9 respectively

resulted in analogues that have 1000 fold reduced affinity for the V2R, showing the

importance of both Pro and Gly for binding of AVP to the V2R [49]. This suggestion

was further backed up with the substitution of tripeptide tail with bibasic dipeptide tail

which resulted in a complete loss of activity [50].

Arg in position 8 plays a key role in AVP activation. Studies have found that its

basic nature and length have a key role in receptor activation. Introduction of a less

basic amino acid, His, meant the resulting peptide lost all AVP acvtivity. However

replacing Arg with Leu, which has similar chain length resulted in reduced (60%)

AVP acitivity [51]. It is thought the length of the side chain and its basicity are critical

for maximal receptor activation [52].

1.1.1.3 Diabetes Insipidus

DI is a rare condition caused by a reduced secretion of AVP and/or a reduced antidi-

uretic action of AVP [35]. The lack of AVP or its activity results in excessive thirst

(polydipsia) and the production of large volumes of urine (polyuria). Polyuria can

present as increased urinary frequency, nocturia, incontinence or enuresis [53]. Poly-

uria is defined by a urine volume in excess of approximately 100-110 ml per kg per 24

hr period until the age of 2 years and 40-50 ml per kg per 24 hr in older children and

adults [54].

DI is a rare disease affecting 1 in 25,000 with central diabetes insipidus (CDI) the

most common form [55]. There is no link between gender or ethnicity of patients

[56]. There are two main types of DI, central and nephrogenic. CDI is due to a

deficiency in AVP, lack of production and/or release of AVP into the blood. CDI is the

result of irreversible destruction of the magnocellular neurons (MCN) either due to an
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acquired disease or genetic defect. Those with a genetic predisposition to CDI often

have a defect in chromosome 4 or 20 [35, 53]. Nephrogenic diabetes insipidus (NDI)

is caused due to a resistance to AVP [56]. NDI can be the caused by genetic mutation

or acquired due to medication or a metabolic condition. Genetic mutations in either

the vasopressin-2 receptor gene or aquaporin-2 gene are known to cause NDI [53].

Under normal conditions with normal fluid intake a person with urine in excess of

50 ml per kg per day and with an plasma osmolality of less that 300 mOsm L-1 qualifies

for diagnosis of DI [35]. The age at which the symptoms are observed may provide

further insight into which type of DI it is [54]. In autosomal dominant CDI, the onset

of the DI shows typically between the ages of 1 to 6 [57]. In CDI the symptoms show

progressive polydipsia and polyuria if not treated [58]. To confirm diagnosis of DI

a water deprivation and a desmopressin treatment trial may be performed. The urine

osmolality with water deprivation and desmopressin treatment is compared to identify

CDI or NDI [56]. Diagnosis of CDI is confirmed with plasma hyperosmolarity ( >300

mOsm L-1) associated with urine hypoosmolarity (<300 mOsm L-1) or a urine/plasma

osmolality ratio <1).

The drug of choice for the treatment of DI is desmopressin. Desmopressin is a

AVP analogue that is more potent and longer acting than AVP. Desmopressin may

be administered orally, intranasally or parenterally. It has a half life of 2-3.5 hour,

having an effect within 1 to 2 hour after administration with a duration of action for

up to 18 hour. The oral bioavailability of desmopressin is between 0.08 to 0.16%.

The daily dose for oral treatment is between 100 to 1200 µg in three divided doses

per day [54, 59]. Desmopressin is well tolerated by the majority of patients, but the

risk of severe adverse effects, such as hyponatremia and water intoxication require the

restriction of fluid intake [60]. Research into novel methods to treat and cure DI have

included gene therapy to overcome the defects in the production of AVP, V2R and

AQP2 water channels [61].
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1.2 Peptide Drug Delivery

Therapeutic agents can be delivered by a number of routes; oral, sublingual and par-

enteral, topical. The route chosen will be depend on the properties of the therapeutic

agent and the objective of treatment such as; rapid onset, duration of treatment, safety,

patient satisfaction and cost [62]. The advantages and disadvantages of the various

routes of administration are highlighted in table 1.3.

Table 1.3: Route of peptide drug administration: advantages and disadvantages [62, 63].

Delivery Route Advantages Disadvantages
Oral Convenient Peptides subject to harsh

environment of GI tract
High patient compliance Limited bioavailability
Easily accessible route Presence of food can affect

absorption
Absorption enhancers can Pre-systemic elimination by
help delivery gut and liver

Subcutaneous Can be administered by patient Requires small volume
or carer (<2 mL)
Less painful than IV or IM May degrade at injection site
Low risk of systemic infection
Large number of injection sites
Long retention time at injection
sites

Intravenous Allow for large volume Painful
Can be used for drugs not Risk of blood or nerve
readily soluble damage (39% incidence)

Risk of infection, bleeding,
abscess formation
Requires a trained professional
Increased cost of administration
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1.2.1 Oral Delivery of Peptides

In 2003 the World Health Organisation (WHO) issued a report on adherence to long

term therapies. They recognised poor adherence to medications as a problem for

chronic diseases all around the world. The WHO estimated that only 50% of pa-

tients in developed countries were adherent and the figure for developing countries

was much less [64]. Poor adherence compromises the efficacy of long term treatment

resulting in a reduced quality of life, increasing mortality and places a greater burden

on the healthcare system [65, 66, 67]. Oral drug administration is the most convenient

and preferred medication route [68, 69]. This improved convenience aid to increase

adherence with the dosing regimen prescribed leading to increased therapeutic efficacy

[69].

Oral delivery of medications is the most common route of administration account-

ing for nearly 40% of all administered medications. This is followed by pulmonary

drug delivery of medications making up 20%, followed by transdermal method third

and injectable method fourth [70, 71]. More than 60% of small molecule drugs are

administered orally [72]. It is also the preferred delivery route by the pharmaceut-

ical industry as it easiest and cheapest to manufacture, not requiring sterile conditions

[73, 74].

1.2.1.1 Barriers against Oral Delivery

The overall function of the barriers within the gastrointestinal (GI) tract is to protect

the interior of the body from a range of foreign toxins and foreign particles. The skin is

the largest barrier whereas the blood brain barrier is the considered to be the toughest

barrier to pass through [75, 76]. In order for a peptide to be orally bioavailable it must

pass into the systemic circulation once orally administered, and using knowledge of

the nature of these barriers will help to make an orally bioavailable peptide formulation

that can tackle these barriers [77].

The oral bioavailability of peptide formulations is limited primarily by limited ab-

sorption and permeation across the GI tract and enzymatic degradation within the GI
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tract [78]. The GI tract maybe divided into two regions, the upper made up of the

mouth, oesophagus and the stomach. The lower region is made of up of the small

and large intestine. The absorption of proteins and peptides is limited in the stomach

due to the low surface area, degradation by pepsin and the acidic environment. Within

the small intestine more than 90% of nutrients such as carbohydrates, protein, lipids,

vitamins and minerals are absorbed. The microvilli within the small intestine provide

an increased surface area for absorption to to take place [79].

The barriers against oral drug delivery may be divided into two major groups the

physiological and biochemical barriers. The physiological barriers are made up of the

impermeable GI tract. The biochemical barriers cause the degradation of proteins and

peptides by peptidases [80].

1.2.1.2 Physiological Barriers

One of the key functions of the physiological barrier is to provide protection against

the passage of toxins, bacteria and viruses into the systemic circulation [81]. The

lumen of the GI tract is covered with aqueous mucus which is secreted by goblet cells.

This mucus is made up of glycoproteins that trap water. The thickness of mucus varies

along the GI tract with the thickest in the stomach and colon [82]. It can also vary due

to diet [83]. The number of goblet cells varies along the intestine [84]. The mucus acts

like a filter for molecules with a mass of 600-800 Da [85]. The penetration through

the mucus is considered to be the rate limiting step for a peptide to reach the surface of

enterocytes for absorption [85]. Below the mucus there is a single layer of columnar

epithelial cells that are held together by tight intracellular junctions, which forms the

barrier between the systemic circulation and the lumen of the GI tract. The layers of

cells are made up of enterocytes, goblet cells, endocrine cells and paneth cells [86].

A drug can cross this layer by different mechanisms depending on its physiochem-

ical properties [87]. Hydrophobic drugs are able to partition through the cell mem-

brane and so are more likely to pass through to the systemic circulation via the tran-

scellular pathway. However, the phenomenon seen with peptides is different to that

of small molecules. Peptides ability to pass via this route is determined by the num-
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ber of polar groups that require desolvation before a peptide can diffuse into the cell

membranes [88].

In the late 1990s Lipinski et al. research showed that more than 90% of oral deliv-

erable drugs had 4 common properties; a molecular mass of less than 500, calculated

octanol/water partition coefficient (cLogP) less than 5, the number of hydrogen bond

donors less than 5 and number of hydrogen bond acceptors less than 10. This became

known as Lipinski′s rule of 5 [89]. However there are a few orally delivered peptide

based drugs on the market that break this rule, this means there is some flexibility on

the Lipinski′s rule of 5. Santos et al. studied orally bioavailable peptides to enhance

these guideline for peptides. After systemically reviewing new peptides approved by

the FDA between 2012-2016, they found that a Mw up to 700 Da, LogP of up to 7.5

and number of hydrogen bond donors less than 5 could be orally bioavailable. The

authors also commented that these boundaries could be pushed further, if peptides are

able to behave more like small molecules; with regards to the surface area they take up

when they are dissolved in the GI tract [90].

PepT1 on the apical membrane is one of most common peptide paracellular trans-

porters, with the PepT2 transporter allowing for the substrate to exit the enterocyte into

the systemic circulation. PePT1 and PePT2 transport dipeptide and tripeptide based

drugs across the intestinal membrane, with the concentration of transporters increasing

from the duodenum to the ileum. During periods of starvation the expression of these

pumps increases to aid a higher uptake of dipeptides [91].

Hydrophilic drugs cannot pass into the cell membranes so they must pass into the

systemic circulation via the paracellular pathway, in between the cells [92]. This path-

way is restricted by size due to the presence of tight junctions, only those molecules

with a hydrodynamic radius less than 11Å can pass through [93].

1.2.1.3 Biochemical Barriers

An essential function of the gastrointestinal tract is to break down ingested macro-

molecules such as proteins and peptides into small enough subunits so that they can be
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absorbed. This metabolic barrier is considered to be one of the most critical barriers

limiting the absorption of intact peptide drugs [78]. Most peptides are liable to rapid

degradation by the digestive enzymes [94].

Peptidases are enzymes that hydrolyse the bond between two amino acids in a pro-

tein or peptide chain. Peptidases can be further divided into two groups; endopepti-

dases and exopeptidases. Endopeptidases hydrolyse the bonds in the inner parts of

a peptide chain, whereas exopeptidases hydrolyse the bonds on the terminal parts of

a peptide chain. The exopeptidases can be further divided into two further groups;

carboxypeptidases which break down the bonds on the carboxy terminal of the peptide

chain and the aminopeptidases which break down amide bonds on the amino end of

the peptide chain [95].

Proteolytic degradation is greatest in the stomach and duodenum, with a reduced

amount taking place in the ileum and colon [10]. The first metabolic barrier peptides

are exposed are in the stomach. The stomach contains a combination of proteolytic

pepsin and hydrochloric acid (HCl), this results in protein hydrolysis. However, smal-

ler peptides are more stable in this environment [85].

The enzymes of the upper small intestine are considered the second barrier [85].

The pancreatic proteases of the duodenum have the highest activity at pH=8, break-

ing down large proteins to small peptides within 10 minutes. The smaller peptides are

broken down by proteases found on the brush border and in the cystol of enterocytes[85].

1.2.2 Subcutaneous Delivery

There are some medical conditions where oral delivery is not an option, in which a

parenteral is the only option. For example, Type 1 diabetes mellitus till very recently

could only be treated with parenteral insulin [96], but a new insulin inhaler has been

developed and received marketing authorisation by the FDA for USA in 2014 [97, 98].

Subcutaneous (SC) delivery offers a convenient parenteral method of administration

compared to intravenous (IV) delivery. SC injections have been approved to deliver

a number of therapeutic peptides such as insulin and growth hormones [99]. Lantus
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(insulin glargine) is the most common medication delivered by SC injection, it is the

6th highest selling medication by sales and the 9th highest selling medication by rev-

enue in USA during 2014-2015 [100]. A systematic review by Stoner et al. found

that patients prefer SC over IV delivery. Between 44-91% of patients preferred the SC

over the IV route of administration. Patients preferred the SC route as they are able to

have the treatment at home. This saved time at hospital, avoided complications with

IV administration or venous access [101], and reduced discomfort [102].

Aside from just the patient benefits of SC delivery, the medical cost of SC delivery

is less than that of IV. Rule et al. performed a study into the cost of the administering

rituximab by IV or SC for the treatment non-Hodgkin lymphoma [103]. The study

found that SC administration saved nearly 3 hours of direct patient contact time with

the health care professional (HCP). This resulted in the hospital saving £115 per patient

per session of treatment. Patients also spent less time in hospital, 303 vs. 110 minutes

for IV and SC treatment respectively, saving more than 3 hours per session [103].

Similar findings were also reported by Jin et al. in a literature review of published

findings of which route IV, IM or SC is preferred. Jin et al. found that if the treatment

efficacy is similar; SC is the preferred route of administration [104].

1.2.2.1 Physiology

SC injections deliver the contents of an injection into the interstitial space of the hypo-

dermis. The hypodermis varies slightly from species to species [99, 105]. The human

hypodermis is made up of fat lobes called adipose tissue which are separated by loose

connective tissue [106]. Adipocytes are the main cells found in the hypodermis, but

there are also a smaller amount of fibroblasts and macrophages. Fibroblasts produce

the components of the extracellular matrix (ECM) [107]. The function of ECM is to

provide mechanical stability by forming a three dimensional network [108]. The ECM

is made up of collagen, hyaluronic acid (HA), glycosaminoglycans (GAG) and the

interstitial fluid [109].

The mechanical stability of the ECM is provided due to the presence of collagen.

Collagen assists to provide stability in other areas of the body such a tendons and
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basement membranes as well. There are 21 different types of collagen, which are

grouped together based on their structure and supramolecular organisation [110]. The

SC tissue contains type I, III and V collagen with a higher ratio of type III [111]. The

collagen fibres are bound into bundles that are between 1-100 µm thick [109]. Between

the voids of collagen HA is found. The function of HA is to help maintain fluid

balance, regulate the distribution of proteins by steric exclusion and help to lubricate

tissues [112]. The GAG of the ECM is made up of chondroitin sulphate, a linear

glycosaminoglycan polysaccharide, with a molecular weight of between 30-50 kDa.

The function of GAG within the ECM is to help maintain the ECM′ viscosity and fluid

balance [113].

The interstitial fluid makes up nearly 25% of total body water [114] which is per-

fused within the SC space. The pH of interstitial fluid is tightly regulated to be within

pH 7.35 to 7.45 [115]. The pH is regulated by the strong ion difference and the partial

pressure of carbon dioxide in the tissue [116]. The major cation in interstitial fluid

is sodium and the major anion is chloride, with the concentration of sodium higher

that that of cholride, this provides the strong ion difference. The production of carbon

dioxide (CO2) from cell metabolism helps to decrease the pH as the dissolving of CO2

forms bicarbonate (HCO3
-) and carbonate (CO3

2-) ions to reduce the positive strong

ion difference and raise the pH [109]

1.2.2.2 Factors affecting Subcutaneous Delivery

SC injections bypass the dermis and epidermis of the skin and deliver the therapeutic

agent to the extracellular space of the SC tissue, hypodermis. From the SC tissue the

therapeutic agent will be transported to the systemic circulation by either the capillaries

or the lymphatic system [105]. The factors determining the delivery of the therapeutic

agent after SC injection can be categorised as the physiological factors of the tissue

and the physiochemical properties of the peptides [105].
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1.2.2.2.1 Physiological Factors

Site of Injection

The site of injection is important as the thickness of SC tissue is not the same all

over the body. The site of injection does not affect the overall bioavailability, but will

affect the rate of absorption from the injection site. A higher rate of absorption was

observed when studying the effect of injecting insulin in the abdomen compared to

the arm or thigh. An interesting finding found that the slower absorption also resulted

in a longer duration of action, which would have implications on therapeutic outcome

[117]. Similar results were also seen with growth hormone absorption and the site of

injection [118]. The differences in rates of absorption from the site of injections is

suggested to be due differences in SC blood flow of the different regions. Those sites

with greater blood flow show greater a rate of absorption [118].

The thickness of the hypodermis varies not only on the site, but also from person to

person. A study into the thickness of SC tissue in arms, thighs, abdomen and buttocks

found that SC tissue varies more by body site, gender and body mass index (BMI)

than it does by race or age [119]. Females had thicker SC tissue than men in all four

areas studied. Also it was found that buttock has the thickest SC tissue, followed

by abdomen. The arms and thigh had the a similar thickness of SC tissue. As BMI

increased so did the thickness of SC tissue [119].

Transport from SC Injection Site

After SC injection the therapeutic agent needs to transported into the systemic circu-

lation so it can reach the site of action. Macromolecules (less than 16 kDa) mostly

pass from the SC injection site to the systemic circulation by diffusion into the blood

capillaries. Larger molecules travel through the lymphatic system [105]. The lymph-

atic capillaries have a higher permeability to larger molecules as they do not have a

well-defined basement membrane and lack tight cell junctions. This less defined base-

ment membrane results in lower resistance of fluid flow compared to blood capillaries

36



[120]. Once larger molecules pass into the lymphatic capillaries the molecules then

pass into the lymph nodes, then to larger lymphatic vessels and eventually pass to the

thoracic and other lymph ducts and the systemic circulation [121]. Transport through

the blood capillaries or the lymphatic system to the systemic circulation could a rate

limiting factor to absorption. The process of transport results in delayed delivery times.

This delivery time is determined by the hydrostatic and osmotic differences that oc-

cur within the blood, interstitium and the lymphatics [105]. Studying the uptake of

insulin via the blood capillaries or lymphatic system in sheep, it was found that both

contributed to a similar degree of transport into the systemic circulation [121].

1.2.2.2.2 Physiochemical Properties of Peptide

Molecular Size and Weight

Particles smaller than 10 nm are transported to the systemic circulation via the the

blood capillaries, whereas particles that are 10-100 nm in size are transported to the

systemic circulation via the lymphatic system. Studies have found that smaller particles

have a faster uptake [120]. Although an upper limit has not been suggested for SC

delivery; as microparticle have been delivered subcutaneously [122], it is thought

particles larger than 100 nm in size will mostly remain at the SC tissue [123].

Supersaxo et al. studied the lymphatic absorption of peptides and proteins ranging

from 200 Da to 19 kDa after SC injection in sheep. A linear relationship between

the molecular weight to percentage of the dose that was recovered from the lymphatic

system was found [124]. However, other studies have found different results in rats.

A study of lymphatic absorption of insulin, bovine serum albumin (BSA) and eryth-

ropoietin found that less than 3% was absorbed by via the lymphatic system [125].

The literature shows there is a species to species difference with regard to lymphatic

uptake [105].
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1.2.2.2.3 Charge

The ECM is made up of collagen fibres and GAGs. The negative charge of the

GAG helps to control fluid balance [120]. At physiological pH the collagen and

HA have a negative charge [109]. This negative charge density provides a barrier

to the transport of macromolecules from the site of injection to the systemic circu-

lation [105]. Negatively charged molecules or particles pass through the SC space

faster than neutral molecules and particles due to electrostatic repulsion [107]. One

study investigated the transport of charged dextrans through the SC tissue, it found

negatively charged dextrans was delivered faster than neutral dextrans [126]. Another

study investigated the transport radiolabeled charged liposomes. This study found that

negatively charged liposomes passed through the interstitial space quicker. This was

followed by positively charged liposomes and the slowest was neutral liposomes [127].

The effect of charge affects the speed at which the molecule or particles passes through

the SC tissue, with negatively charged molecules or particles passing through the fast-

est due to repulsion. This is followed by positively charged and the slowest are neutral

molecules and particles [128].
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1.3 Methods to Overcome Factors for Peptide Delivery

The approaches currently being used and investigated to develop a peptide delivery

system may be divided into two main groups; 1) modification of the physicochemical

properties of the peptide, 2) use of a delivery system [129]. Many technologies have

started to be evaluated in clinical trials, figure 1.3 shows the various technologies and

the stages of clinical trials they are currently at.

1.3.1 Chemical Modification

Chemical modifications of the peptide can either entail conjugation of the peptide with

another compound or modification of the peptide itself. The main reasons for chem-

ical modification is increased enzymatic stability and improved intestinal permeability

[130]. A certain degree of lipophilicity is required for molecules to pass into the epi-

thelial cells and then for the molecule to partition out of the epithelial cell into the

systemic circulation [131]. Chemical modifications may include forming analogues

by substitution of amino acids, acylation or PEGylation [7].

The covalent conjugation of a peptide to a hydrophobic compound may help to

increase the lipophilicity whereas attaching a poly(ethylene glycol) (PEG) moiety will

increase the aqueous solubility as in order for a drug to be orally absorbed it needs to

be in solution in the GI tract [132] and protected against enzymes [133].

Direct conjugation of PEG can help to improve peptide solubility aiding an im-

provement in peptide absorption and it can also help prevent peptide degradation due

to steric hinderance at the enzyme active site [134]. One such example is the con-

jugation of PEG to salmon calcitonin (sCT), this resulted in a significant better hy-

pocalcemic effect compared to unconjugated sCT. The increased effect of conjugated

sCT was found to be due to a increased intestinal stability and a reduction in systemic

clearance [135].

One of the most successful chemical modifications of a peptide is the formation

of desmopressin from AVP. AVP has very little oral activity, due to its instability in
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the GI tract and therefore is only be administered intravenously. Oral desmopressin

is around 50 times more orally active than oral AVP, which is due to its increased

stability within in GI tract and plasma, which also results in a prolonged duration of

action [136]. Desmopressin differs from AVP by two modifications; deamination of

the terminal amino acid and the replacement of L-Arg at position 8 with D-Arg [137].

In some molecules certain chemical modifications may reduce biological activity

and so a prodrug can be developed. Prodrugs are pharmacologically inactive entities

made by chemical modification [7]. Prodrugs are a bio-reversible derivate of the drug

molecule, that undergoes an enzymatic or chemical transformation in vivo to release

the active parent drug. Prodrug technology has been identified as a tool for improving

the physiochemical, biopharmaceutical or pharmacokinetic properties of pharmacolo-

gically active agents. Around 5% of approved drugs in the market are prodrugs [138].

This approach has been used to improve the oral absorption of leu-enkephalin (LENK),

an endogenous enkephalin. Lalatsa et al. developed TPLENK, a palmitic ester prod-

rug of LENK, esterase activity would utilised to re-generate LENK from TPLENK.

TPLENK showed greater plasma stability than LENK. Orally delivered TPLENK us-

ing a nanoparticle system TPLENK showed significantly increased anti-nociceptive

activity [139].

A similar approach to desmopressin was also applied to LENK. L-Ala was re-

placed with D-Ala at position 2 and adamantine moieties were attached via an ester

bond at the C terminus. The prodrug delivered via a SC injection showed enhanced an-

tinociception in male mice, however the D-Ala LENK without the adamantine showed

no activity when delivered by SC injection [140]. Another study found that modi-

fying the C-terminus with D-amino acids improved the stability of peptides against

proteases. The unmodified peptides were degraded quickly, whereas the D-amino acid

modified peptides were stable up to 24 hours [141]. However, a problem faced with

D-amino acid modified peptides is a reduced affinity for the desired receptors and

reduced cellular uptake, this has limited research with this modification [142].

Another modification approach has been to conjugate peptides with moieties such

as vitamin B12 or folate to increase oral uptake. One study studied the site of con-

jugation of vitamin B12 to insulin, two sites were chosen; Phe at B1 and Lys at B29.
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Studying their effect on blood glucose in comparison to unmodified oral insulin, both

conjugates resulted in a reduced of blood glucose. Both conjugates caused a drop in

blood glucose of about 30% within 60 minutes which was sustained for a further 3

hours. The two conjugates had the same extent of effect, so neither could be con-

sidered a better site of conjugation [143]. However, development of these conjugates

has been limited as vitamin B12 uptake has a limited capacity and is relatively slow in

the GI tract, meaning a clinically relevant dose cannot be administered [144].
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1.3.2 Protease Inhibitors

One of the biggest barriers in oral peptide delivery is the degradative enzymes [78].

To limit the effect of enzymatic attack various researchers have tried to use enzyme

inhibitors [146] . Protease inhibitors can be grouped depending on if they amino acid

based and non-amino acid based inhibitors. Amino acid based include soybean trypsin

inhibitor, sodium glycocholate, camostat mesilate whereas non-amino acid based pro-

tease inhibitors are agents such as calcium, zinc, cobalt, manganese and magnesium

[147]. Newer class of enzyme inhibitors has been developed derived from chicken and

duck ovomucoids.

One such example has been the use of casein protein derived from milk to deliver

insulin. This formulation was delivered orally and found to improve blood glucose

control in diabetic mice. It was found to a have reduction in blood glucose for a period

of 8 hours [148]. In another study, the use of a duck ovomucoid helped to provide

a better decrease in blood glucose in comparison to an unprotected oral tablet of in-

sulin. This approach however was not as effective as SC insulin. The concentration

of ovomucoid used could not be increased due to toxicity concerns [149]. Toxicity

has limited the number of in vivo studies that have taken place. The toxicity of these

enzyme inhibitor formulations, their influence on the absorption of other key proteins

and what may be the long term effects on the use of these types of inhibitors is a

concern among researchers and clinicians [150].

However, some enzyme inhibitor based products have started to reach clinical tri-

als. Oramed Pharmaceuticals (Israel) have developed Protein Oral Delivery (PODTM),

an enteric coated capsule that contains a suspension of peptide or protein with an soy

bean trypsin inhibitor [151]. Their lead candidate, ORMD-0801, has been tested in 5

Phase II clinical trials (NCT02496000, NCT02094534, NCT00867594, NCT01889667

ongoing; NCT02535715). In pilot studies ORMD-0801 showed a significant 16% de-

crease in blood glucose over 24 hours, with a 24% reduction in the number of glucose

readings above 200 mg dl-1 [152].

Another company, Enteris Biopharma Inc. (USA) have formulated a salmon cal-
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citonin (sCT) enteric coated tablet. The tablet consists of maltodrexin coated citric

acid granules and an absorption enhancer, Eudragit®. The citric acid granules prevent

the contents of the tablet being broken down by degradative enzymes, as the lower

the pH reduces the effectiveness of proteolysis enzymes [153]. A phase 2 study has

been planned but is not recruiting yet. The Phase II study will provide pharmacokin-

etic/pharmacodynamic effects from a multiple dosing 28 day study (NCT02807363),

but no details of the Phase I study could be found on the clinical trial database.

1.3.3 Absorption Enhancers

1.3.3.1 Permeation Enhancers

Permeation enhancers help to increase permeability rather than affecting molecular

solubility. Oral absorption enhancers act by a number of mechanisms; temporarily

disrupting the structural integrity of the intestinal barrier, decreasing mucous viscosity,

opening tight junctions and/or increasing membrane fluidity [154, 155], allowing the

therapeutic agent to cross into the systemic circulation.

They can be grouped into surfactants, chelating agents, bile salts, cationic and

anionic polymers, acylcarnitines, fatty acids and their derivatives [84]. An ideal per-

meation enhancer has three major requirements; significant but temporary improve-

ment in peptide absorption, intestinal barrier recovery and be safe to use in humans

[156].

Using this approach some researchers have developed oral peptide formulations for

human clinical trials. Gastrointestinal permeation enhancement technology (GIPET)

developed by Merrion Pharmaceuticals (Ireland) a product that uses short fatty acid

chains to deliver drugs that have a bioavailability of less than 1% [157]. Merrion Phar-

maceuticals have partnered with Nordisk (Denmark) to develop an oral insulin product

that is currently in clinical trials . Phase I studies (NCT01931137, NCT02304627,

NCT01809184 and NCT01796366) were performed with an enteric coated gel cap-

sule, no results could be found for these studies. This formulation moved in a 8

week long Phase II study (NCT02470039) with multiple dosing, which completed
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in November 2015. No results have been reported for the phase II study either.

GIPET, is an enteric coated gel capsule that is made up of a mixture of fatty-acid

derivatives, has also been used in a Phase I clinical study (NCT00471185) for the de-

livery of acyline for the treatment of prostate cancer. Acyline is a potent gonadotropin-

releasing hormone antagonist [158] that results in the suppression of testosterone pro-

duction [159]. The Phase I study found significant suppression of testosterone levels

in the body, with a 20 and 40 mg dose having an effect for 24-48 hours [158].

Although these methods are shown to be successful in the laboratory and have star-

ted to reach early clinical trials, clinicians and regulatory bodies are still cautious. They

are concerned about their long term use as it may allow the absorption of unwanted

proteins, xenobiotics and pathogens as the permeation enhancers are not peptide spe-

cific [156].

Permeation enhancers may also be used to improve SC delivery. Recombinant hu-

man hyaluronidase can be injected with a peptide to degrade HA which can help with

peptide and protein delivery. The HA degradation will help to increase the diffusion

rate at the injection site, which can increase the rate of bioavailability and also the

degradation of HA will allow for an increased injection volume [160]. A study com-

pared the difference between delivering insulin with and without recombinant human

hyaluronidase, both were found to have a similar efficacy over a 12 week period. How-

ever, the recombinant human hyaluronidase insulin dosed patients had a overall tighter

control over bloody glucose throughout the day [161].

Another permeation enhancer oral peptide delivery system that has reached clin-

ical trial stages is developed by Emisphere Technologies (USA). It is made up of a

number of N-acylated alpha-amino acids with intestinal PE properties called Eligen®

[151]. In partnership with Novo Nordisk, Eligen is being used to develop a product

that deliver GLP-1 agonist for diabetes mellitus. This has entered a Phase II study

(NCT01037582), tested in 600 type 2 patients for 26 weeks. Results showed the

product was well tolerated with plasma Hb1AC level were reduced by 1.9%, achieving

the primary end point [162]
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1.3.3.2 Cell Penetrating Peptides

Another class of absorption enhancers are cell penetrating peptides (CPP). CPPs are a

chain of less than 20 amino acids that are internalised into cells. Although there are

many different primary and secondary structures of the various CPPs, they share some

similarity that they have a large number of basic amino acids such as Arg and Lys.

These basic amino acids allow interactions with the negatively charged cell surface

molecules of plasma membrane [163]. They are grouped together as either cationic,

amphipathic, or hydrophobic peptides [164]. Some examples are HIV-1 Tat, penetratin

and oligoarginine [74].

Both endocytosis and direct translocation are believed to be involved in the inter-

nalisation of CPP formulations [165]. However, there are many factors that determine

which uptake mechanism takes place; this is dependent on the amino acid sequence,

the CPP concentration and any modifications of the natural CPP [166]. For example

one study found that when Arg rich CPP was to deliver low concentrations of peptide

(2- 10 µM) the peptide CPP formulations were internalised via endocytosis. However,

in larger concentrations of peptide (20 µM) the CPP formulations were internalised

using by direct translocation [167].

The quest to administer insulin orally has been one of the most researched area

in the oral delivery of peptides. In order to enhance the efficacy of penetratin, four

positive charged modifications of penetratin were studied to deliver insulin. The CPP

formulations were found to result in up to 50% decrease in blood glucose over 60

minutes, whereas unprotected insulin did not result in any changes to blood glucose

[168]. However, every CPP will not be appropriate for every peptide, this mean each

CPP has to individually evaluated for each peptide [169]. This is shown in a study

that tested the use of oligoarginine and penetratin to deliver IFN-β. Oligoarginine was

selected as it has previously shown to assist in the delivery of insulin [170]. It was

found that oligoarginine did not produce an improvement in the oral delivery of IFN-β

whereas penetratin did significantly improve its delivery. The authors suggested this

could be because penetratin is more hydrophobic than oligoarginine and secondly as

IFN-β has a positive charge within the intestinal lumen this may limit the intermolecu-
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lar interactions with oligoarginine which is positively charged. This repulsion results

in a reduced attraction between IFN-β and oligoarginine [171].

1.3.4 Particulate Carrier Delivery Systems

1.3.4.1 Polymeric Carries

1.3.4.1.1 Hydrogels

Hydrogels are materials made from hydrophilic polymers. They are insoluble in

water at physiological temperature and pH [172]. They also retain a great amount

of water which helps to increase the integrity of their system [121]. Hydrogels have

generated great interest in the oral delivery of insulin [173].

One group has used poly(acrylic acid-co-acrylamide)(O-carboxyemthyl chitosan)

to help protect and deliver insulin. Studies were used to monitor drug release, stability

and then tested in vivo to control blood glucose level. During in vitro studies less than

20% of insulin was released at gastric pH (pH 1) over 2 hours whereas at pH 7 nearly

100% of insulin was released within 1 hour. The hydrogel also helped to protect insulin

from enzyme degradation for over 2 hours with bare insulin becoming fully degraded

within 1 hour. During in vivo experiments the hydrogel helped to maintain a 60% drop

in blood glucose over 6 hours [174].

An enhancement of conventional hydrogels has resulted in newer smart drug deliv-

ery systems. These systems utilise polymers with modifications such that they respond

to specific stimuli of the environment. For example they can be contracted at low pH

(gastric pH) but swell at neutral pH (intestinal pH) enabling drug release. This allows

the hydrogel to release its drug contents in specific conditions, resulting in the term

intelligent hydrogels. They can respond to other stimuli such as temperature, electric

field, magnetic field or the ionic strength of a medium [175].

One such example is the use of a pH sensitive chitosan based hydrogel to deliver in-

sulin. The chitosan based hydrogel swells in intestinal pHs releasing insulin, whereas
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the hydrogel remains contracted in gastric pHs protecting insulin. In in vitro studies it

was found that the pH sensitive hydrogels released between 50-100% of insulin in the

intestine environment, where as the native chitosan hydrogel only released 20%. In

in vivo studies the insulin delivered using the pH sensitive hydrogels showed a larger

drop in blood glucose compared to the native chitosan hydrogels [176].

1.3.4.1.2 Micro and Nanoparticles

Both micro and nanoparticles have been intensively studied for the oral and SC

delivery of peptides [177]. Micro and nanoparticles are made from biodegradable,

biocompatible and nontoxic polymers such as polylactic acid (PLA), polylactic co-

glycolic acid (PLGA), polycaprolactone (PCL). Other polysaccharides such as chitosan

and alginate are also used for delivery of peptides and proteins [178].

Microparticles

Microparticles are particles that are above 1 µm in size and help to increase the bioavail-

ability of peptides by encapsulating them and providing protection from the harsh en-

vironment of the GI tract. This approach has been used to create a formulation that has

the ability to lower blood glucose over a five hour period [179]. Sodium alginate and

mucin were used in different ratios to produce insulin loaded microparticles. Others

have used PLGA microparticles to research the delivery of GLP-1. Researchers have

produced microspheres containing GLP-1, a hormonal treatment for diabetes, which

was delivered orally and provided an improved glucose tolerance over 8 hours com-

pared to unencapsulated GLP-1 [179]. Unencapsulated GLP-1 was not able to provide

any drop in blood glucose at any time point over 8 hours [179].

Nanoparticles

Nanoparticles are defined as particles ranging in size from 10 to 1000 nm [180]. Nano-

particles have shown great promise in the delivery of peptides, proteins and antibodies
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[181].

One such example is the use of a glycol chitosan based polymer. Quatnery am-

monium glycol chitosan (GCPQ) has been used to deliver a wide range of therapeutic

agents. One such example is the delivery of LENK to the brain after oral adminis-

tration. LENK encapsulated within GCPQ was able to provide a sustained response

over 5 hours compared to unencapsulated LENK, which was not able to provide any

response. This resulted in more than 4 times more anti-nociception over a period of

more than 5 hours compared to unencapsulated LENK [139]. Studies have shown

that GCPQ formulations adhere to the mucosa in the GI tract after oral administration

[182]. This allows the GCPQ nanoparticles to be closer to the enterocytes. GCPQ

nanoparticles pass through the enterocytes into the portal system prior to the systemic

circulation [183].

Another example is the use of PEG coated PLGA nanoparticles to improve the

delivery of insulin. The resulting nanoparticles were under 200 nm in size and allowed

for a decreased glucose level over 24 hours, with a peak drop in blood glucose taking

place at 3-6 hours. The highest insulin level was seen at 6 hours post dosing [184].

Nanoparticles have also been investigated for the delivery of heparin subcutaneously.

Due to its size and negative charge, heparin has very oral low bioavailability, this

means current treatment relies on IV or SC injections [185]. PLGA nanoparticles have

been investigated to create a sustained release formulation. The formulation was able

to provide a SC steady release in vivo in rats over a 7 day period compared to that of 3

hours by normal SC heparin [186].

Nanoparticles are considered ideal carriers as the have a high surface to volume

ratio, high capacity for drug loading [187] and can be easily modified to target spe-

cific areas on the intestinal mucosa [188]. They can also increase residence time in

the GI tract due to mucoadhesion [183], increase intestinal permeability and improve

solubility and dissolution rate [189].

Newer methods are being employed to increase the effectiveness of uptake by util-

ising the body′s natural uptake mechanisms. Ligands used for uptake include; vit-
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amin B12, biotin and folate [190]. Researchers have used folate coupled chitosan

nanoparticles to further increase the uptake of peptides [191]. Folic acid is actively

absorbed in the GI tract by a proton-coupled FA transporter. This transporter would

also allow for folate coated nanoparticles to be actively absorbed in the GI tract. The

folate linked chitosan nanoparticles were studied for delivery in both in vitro and in

vivo systems. in vitro studies showed a statistically significant improvement in in-

sulin delivery using folate linked nanoparticles, compared to free insulin and chitosan

nanoparticles. When these formulations were given to diabetic rats orally, the folate

linked nanoparticles resulted in a more sustained decrease in blood glucose compared

to compared to free insulin and chitosan nanoparticles [191].

A nanoparticle insulin delivery system developed by Oshadi (Israel) has reached

Phase II clinical trials. Pharmacologically inert silica nanoparticles with an adsorbed

polysaccharide formulated inside of enteric capsules are used [145]. Two phase I stud-

ies to assess the safety and efficacy of the system have been performed (NCT01120912

and NCT01772251), however no data has been released for either study. The product

has moved to a phase II clinical trial to test the efficacy and safety of multiple doses

(NCT01973920).

Another company Shanghai Biolaxy (China) uses calcium phosphate nanoparticles,

for an oral insulin product. Phase I clinical study was performed on 12 healthy volun-

teers, either given the oral product or a SC injection of slow acting insulin. The oral

product was well tolerated and produced a uniform blood glucose effect that was seen

for 6 hrs. The data showed the plasma glucose reduction in both the oral or SC insulin

groups, however high variability was seen in the AUC. The time of onset for either

oral or SC insulin was similar [192].

1.3.4.1.3 Lipid Systems

Liposomes

Liposomes are another heavily studied carrier system; they receive great attention due

to their composition [193]. Liposomes are bilayered vesicles in which an aqueous
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volume is enclosed inside of a lipid bilayer made up of natural or synthetic phosphol-

ipids [187]. They can vary in size from 10 nm to 10 µm and can be defined as small

unilamellar vesicles (10-100 nm), large unilamellar (100-300 nm) or large multi lamel-

lar vesicles (100-3000 nm) [7]. Hydrophilic peptides maybe encapsulated in the inner

core and hydrophobic peptides in the lipid bilayer [194].

Liposomes have been used by Cui et al to deliver insulin orally using dipalmitoylphos-

phatidylglycerol based liposomes. A number of different liposome formulations were

prepared using different sterols and tested for stability and hypoglycaemic effects in

rats. The liposomes containing ergosterol has the greatest ability to protect insulin

against degradation in the GI stability studies. Although all the sterol based liposomes

resulted in a hypoglycaemic effect, this was not greater than of that of SC insulin.

When the ergosterol based liposomes were injected SC they produced the same extent

of reduction in blood glucose as SC insulin. This results showed that an improvement

in GI stability of the liposomes was required [195].

Liposome′s limitations are their fast elimination from the blood and GI tract [196].

However, methods have been developed to overcome this limitation. To help overcome

this a number of strategies have been applied, such as adsorption of carrier groups

to allow a better targeted liposome and the formation of stealth liposomes. Stealth

liposomes are created by coating liposomes with PEG so they cannot be detected by

the mononuclear phagocyte system (MPS) [193]. Diasome Pharmaceuticals (USA)

have developed a phospholipid bilayer system called hepatic-directed vesicle-insulin

(HDV-1) for the of diabetic mellitus [197]. A preclinical study in diabetic dogs showed

efficient delivery of insulin to liver showed a decrease in blood glucose after 1 hour.

The authors also showed that HDV-1 is more effective than SC inuslin in preventing

secondary hypoglycaemia as a side effect of over delivery of insulin [197]. A phase

II study (NCT02794155) in 150 patients over 26 weeks has been planned, however no

Phase I study data could be found on the Clinical Trials database.

SC delivery of interleukin-7 (IL-7) was also investigated using liposomes. The

liposomes were 1-5 µm in size and helped to improves its half life by 26 fold, with a

similar bioavailability to that of IV IL-7. Due to the size of the liposomes there was an

increased residence time at the site of injection of 7.9 days [198].
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Solid Lipid Particles

Solid lipid nanoparticles (SLN) are spherical particles made from lipids or lipid mix-

tures that are solid at body temperature with a diameter from 50 to 1000 nm. The

production is normally based on double emulsion techniques with water in oil in wa-

ter emulsions. The lipids involved are often made from stearate, palmitate and their

derivates such as a PEG stearate [187].

The delivery of oral insulin was enhanced using lectin modified solid lipid particles.

When tested for gastric stability, SLNs were significantly more stable than unencap-

sulated insulin. When these preparations were delivered orally the profile of blood

glucose reduction was similar to that of SC insulin. The lowest level of blood glucose

was reached within 60 minutes, although the overall bioavailability was less than 10%

[199].
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1.4 Aims and Objectives

Aims

The work of this project is based on a peptide with a similar structure to OXT that has

emerged from an internal drug discovery programme. Peptides suffer from very poor

stability in the GI tract [7] and short circulation times [80]. Chemical modifications

using fatty acid chains have been shown to help increase stability in the GI tract and

increase circulation time. In previous studies attaching a palmitoyl chain to a lysine

residue of insulin has shown to increase circulation time and provide a more sustained

decrease in blood glucose in IV, IM and SC injections [200, 201, 202, 203, 200]. In

another study using a similar approach, a prodrug of LENK was created. The prodrug

consisted of a palmitoyl chain attached to the tyrosine residue. The palmitoyl could be

cleaved by esterase enzymes within the body thereby regenerating the active peptide

[139]. This prodrug approach also resulted in increased circulation times and increased

anti-nociceptive effects both orally and intravenously [139]. OXT does not contain any

lysine amino acids. Palmitoyl lysine has been conjugated to the carboxy terminus of

the peptide as shown in figure 1.4 The modification is highlighted in red.
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Figure 1.4: Structure of METx; red shows modification
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Objectives:

1. Characterise properties of METx-Chapter 2

2. Determine In vitro activity of METx-Chapter 3

3. Formulation development of METx-Chapter 4

4. Determine in vivo efficacy of METx formulation-Chapter 5

54



Chapter 2: Peptide Characterisation

2.1 Introduction

The first physio-chemical studies performed on either lead or candidate molecules are

known as preformulation studies. Preformulation studies provide initial foundational

knowledge for formulation development [204] . Preformulation experiments can cover

a range of areas, experiments conducted are used to study the lipophilicity, ionisation,

solubility, stability and molecular properties of the molecule [205].

Studying the physiochemical characteristics of lead molecules provides valuable

information for different teams. For chemists it will provide information to improve

the chemical structure to aid solubility, permeability and stability. For biologists the

same parameters would provide greater knowledge to help decide the length of drug

treatment for in-vivo pharmacokinetic and pharmacodynamics studies [206].

The aim of the experiments discussed in this chapter will focus on understanding

the properties of METx. Mass spectrometry (MS) was performed to confirm the struc-

ture of the peptide, the pyrene assay was performed to determine the critical micelle

concentration (CMC) of METx and solubility studies were performed to determine the

solubility of METx in different solvents.

2.1.1 Mass Spectrometry

MS uses the mass to charge ratio (m/z) of ions to help identify molecules in a simple

or complex mixture by using their molecular weights [207]. The overall technique is
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based on the ability to produce ions of the molecules using a suitable method. The

molecules thereby become either positively or negatively charged. These ions then

pass through a mass analyser which separates these ions according to their m/z and are

reported by their relative abundance [208].

The most important step in MS is the process that converts molecules of interest

into gas phase ions. This process is known as ionisation [209]. There are two MS

main techniques; electrospray ionisation (ESI) [210] and Matrix Assisted Laser De-

sorption/Ionization (MALDI) [211].

MS by ESI can be divided into three steps; nebulisation of sample to form charged

droplets, generation of ions from the droplets and transportation of droplets through

the mass analyser from an atmospheric pressured environment to that under vacuum

[212]. Ions formed using ESI are at atmospheric pressure; a solution containing the

molecules of interest are passed through a narrow capillary, with a diameter of less

than 250 µm. A high electric charge pulls positive charged ions to the front of the

liquid. When the electrostatic repulsion becomes stronger than the surface tension, a

charged droplet leaves and travels to the electrode in the gaseous environment [213].

The charged droplets are made up of both solvent and analyte, but as they pass through

the mass spectrometer the solvent evaporates and the ions are analysed by the mass

spectrometer [209].

MALDI acquires MS data using a different approach; the sample is co-crystallised

within a solid matrix. The matrix is normally a weak acid, that absorbs UV light at the

same wavelength of light emitted by the laser. The matrix has an important function,

it indirectly causes the analyte to be vaporised and works as a proton donor thereby

ionising the sample. The ions are then analysed using a mass analyser [214].

There are many types of mass analysers magnetic (B)/electric (E) sector mass ana-

lyser, linear quadrupole ion trap (LIT), three dimensional quadrupole ion trap (QIT),

linear time of flight (TOF), TOF reflectron and Fourier transform mass analyser. The

theory of mass analysers is based on two laws of physics Lorentz force law and

Newton′s second law of motion [215]. The basic principle is based on accelerating

ions to the detector with the same energy. As the different ions are applied the same
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amount of energy due to their different masses, they reach the detector at different

rates. The smaller ions reach the detector first and the larger ions reach the detector

later due to their larger mass. The mass/charge ratio is calculated from the time of

flight to the detector [216].

Tandem mass spectrometry (MS/MS) also provides vital secondary information.

MS/MS has two stages of MS, where by the ions of interest, known as the precursor

ions undergo another cycle of MS in which either the mass (m) or charge will change

(z) [209]. MSMS allows more structural information to be collected about the ions of

interest. The second cycle of MS generates fragments from the molecule of interest.

The m/z of these smaller fragments can be pieced together to form the precursor ion

and thereby the structure and sequence of the molecule can be deduced [217].

2.1.2 Transmission electron microscopy (TEM)

TEM is a microscopy technique that utilises a beam of electrons to examine objects

that are too small to be seen by a naked eye [218]. TEM allows for the examination

of internal and external features of extremely thin samples. TEM has a similar set

up to optical microscopy, except the light source is electrons [219]. The wavelength

of an electron beam is around 0.0005 nm, which is much shorter than that of optical

light allowing the resolution of TEM to be a thousand times better than that of optical

microscopy. The minimum size that can be seen by TEM is 0.5 nm [220].

A beam of electrons is generated by heating a tungsten filament and applying a

high negative potential. The high negative voltage repels the freed electrons and forces

them at very fast speeds towards the specimen. The electrons are reflected off samples

generating a two-dimensional image, which is of high resolution and detail [221].

The samples are prepared using a negative stain to enhance the contrast of the

sample. Heavy metals such as lead citrate, uranyl acetate or phosphotungstic acid are

used as stains [218, 221].
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2.1.3 Critical Micelle Concentration

The CMC of a molecule, generally a surfactant, is the concentration at which the sur-

factant starts to aggregate and form micelles, after which additional surfactant added

to the system will continue to form further micelles. The most common methods to

quantify the CMC are tensiometry [222] conductometry [223], calorimetry [224] and

spectroscopy [225]. Each of these methods calculate the CMC as a result of the change

in the physical environment at the CMC. This is achieved by titrating from a concen-

tration of monomeric to that of micellar concentration [226].

In tensiometry the surface tension of different concentrations of surfactant are

measured [227]. The surface tension of a surfactant solution decreases as the concen-

tration of surfactant increases within the system. The concentration which the surface

tension no longer decreases, is the CMC and the surface tension does not decrease

anymore due to the surfactant solubility limit at the interfacial layer [228, 229].

CMC may also be measured using conductivity, but only for ionic surfactants

[230]. At concentrations below the CMC the surfactants are in their monomer from

so the conductivity is measured is due to the concentration of surfactant. As the con-

centration of surfactant rises the conductivity increases with the same linearity. As the

concentration of surfactant increases above CMC the increase conductivity increases

with a less steeper gradient. This concentration at which the gradient changes to be-

come more steep is determined to be the CMC [231]. The change in conductivity at

concentrations below the CMC is because the surfactant behaves as a strong electrolyte

while above the CMC the micelles are only partially ionised, due to different degrees

of surfactant ionisation [232].

Calorimetry may be used to measure the CMC. Enthalpy change is measured while

titrating the surfactant solution, with the concentration above the CMC, into a surfact-

ant free solvent (pure solvent) environment. From the enthalpy change during the

titration the CMC can be calculated [233].

Determining the CMC using spectroscopy involves the use of dyes or fluorescent

probes. The probes work by sensing the change of the environment from when the
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monomer converts to the micellar state. The change of environment affects the ab-

sorption and emission spectroscopy of the probe. In the monomeric stages the probe

is within the aqueous environment, once micellar concentrations have been reached

the probe partitions itself between the aqueous and hydrophobic core [234]. The most

commonly used probe is pyrene, some others are 8-anilino-1-naphthalenesulfonic acid

(ANS), Coumarin 480 (C-480), Rhodamine 6G (Rh6G) and pyrene-3-carboxaldehyde

[235, 236]. A study by conducted by Dominguez et al. found the use of pyrene as a

probe was the best method to measure CMC. The CMC of sodium dodecyl sulfate was

measured using conductivity, a UV probe (benzoylacetone) and a fluorescence probe

(pyrene). Of the three pyrene was found to be the best as it was the least influenced by

experimental factors as well as giving the most precise results [232].

2.1.4 HPLC

High performance liquid chromatography (HPLC) is one of the most commonly used

analytical tools used throughout all stages of drug discovery, development and pro-

duction [237]. Liquid chromatography is a separation technique. A sample solution

is injected into a column of amorphous material (stationary phase) and a liquid (mo-

bile phase) is pumped through the column. The separation takes place due to the

different rates of passage of compounds though the column; resulting in the com-

pounds being eluted at different times. The elution is analysed by UV absorbance

at a given wavelength. The technique was first developed by botanist Mikhali Tsvet

after which there has been extensive use, research and development of liquid chroma-

tography [238].

For biological samples where the samples are very complex and contain a number

of different compounds the reverse phase HPLC (RP-HPLC) is very useful. The re-

verse phase utilises a non-polar (hydrophobic) stationary phase and an aqueous mobile

phase is pumped through [239].

In analytic HPLC, the aim is to achieve a good degree of separation in order to

obtain quantitative and qualitative information of the compounds of interest from a

sample [240]. A complex sample may contain a wide range of components with vary-
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Table 2.1: Definition of solubility from BP 2016 [245].

Descriptive Term Approximate volume of solvent (ml)
per gram of solute

very soluble less than 1
freely soluble from 1 to 10

soluble from 10 to 30
sparingly soluble from 30 to 100

slightly soluble from 100 to 1000
very slightly soluble from 1000 to 10 000
practically insoluble more than 10 000

ing degrees of solubility. Each different molecule experiences different levels of in-

teractions with the stationary phase; this will result in different elution times. This

allows the samples to be assessed for individual components [241]. HPLC is used in

a range of pharmaceutical applications such as analysis of pharmaceutical drugs, for

drug monitoring and for quality assurance [242].

2.1.5 Solubility

The most common reason for low bioavailability after administration is due to poor

solubility and low permeability [132]. The problems faced due to solubility provide

development problems for both invasive and non-invasive delivery systems [243]. The

problem of solubility is becoming more of a common challenge with 10-30% of mar-

keted drugs and 60-70% of developmental stage compounds having solubility prob-

lems [244].

The USP (US pharmacopeia), BP (British pharmacopeia) and EUP (European

pharmacopeia) categorise solubility in terms of quantity, the volume of solvent (ml)

required to dissolve 1g of solute. These categories are shown in table 2.1.

Solubility is the extent to which a solute; a solid, liquid or gas is able to dissolve in

a solvent; a solid liquid or gas to from a homogenous solution. The solubility refers to

the amount of solute that passes into solution when an equilibrium is reached between

the solute in solution and undissolved solute [246]. IUPAC (International Union of
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Pure and Applied Chemistry) defines solubility as "the analytical composition of a

saturated solution, expressed in terms of the proportion of a designated solute in a

designated solvent, is the solubility of that solute. The solubility may be expressed

as a concentration, molality, mole fraction, mole ratio, etc" [247]. The solvent is nor-

mally a liquid or mixture of two liquids [132]. As a general rule "like dissolves like",

essentially the structure and polar nature of the molecules determines the solubility.

Non-polar solutes dissolve in non-polar solvents and vice-versa polar solutes in po-

lar solvents [248]. As a molecule becomes more hydrophobic there is a reduction in

dipole moments, polarity of molecules, and inter-molecuar forces which turns it from

being hydrophilic to hydrophobic. Due to favourable dipole-dipole attractions between

solvent molecules and solute molecules, polar liquids tend to dissolve readily in po-

lar solvents. Thereby polar molecules, especially those that can form hydrogen bonds

with water are more soluble in water [249].

This is shown the example of hydrocarbons, methanol is able to dissolve in wa-

ter (polar solvent), but is insoluble in hexane (non-polar solvent). As the length of

the hydrocarbon chain increases the molecules become less soluble in water and more

soluble in hexane, for example propanol is not soluble in water but soluble in hex-

ane [250]. This is because the alcohol group of methanol forms hydrogen bonds with

water. As the number of carbons increases, the alcohol group and hydrogen bond-

ing becomes a smaller part of the molecule and the overall molecule becomes more

hydrophobic thereby having less solubility in water [249].
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2.2 Materials & Method

2.2.1 Materials

Table 2.2: Materials used for physiochemical studies of METx

Materials Supplier

Absolute Ethanol Fisher

Acetonitrile Sigma

Methanol Sigma

METx Severn Biotech

Pyrene Sigma

Water Millipore
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2.2.2 Methods

2.2.2.1 Mass Spectrometry

Electrospray ionization (positive) mass spectrometry was performed by UCL School

of Pharmacy Structural Chemistry Services. High resolution accurate mass measure-

ment was done using a Waters Q-TOF premier Tandem Mass Spectrometer in V mode

positive. METx was dissolved in acetonitrile (MeCN): water (1:1) with formic acid

(0.1%).

2.2.2.2 TEM

METx was prepared for TEM by either suspending METx in water or by probe son-

ication of METx in water. METx was sonicated on ice for 15 minutes, with a cycle

of 5 minutes on and 3 minutes off (Q Sonica, Cole Parmer Instruments Co. Ltd, UK).

The Q Sonica was used with a microtip and set to 25% of its maximum output. TEM

was performed by placement of a drop of the sample on a Formvar/carbon coated grid.

Excess sample was blotted off with Whatman No. 1 filter paper and the sample was

negatively stained with uranyl acetate (1% w/v). Samples were imaged using a CM120

BioTwin Transmission Electron Microscope (Philips, USA). Images were captured us-

ing an AMT digital camera (Woburn, USA).

2.2.2.3 Determination of CMC

The CMC of METx was determined using the pyrene assay. The pyrene assay was

performed as previously described [182, 251]. An aqueous solution of pyrene (2 µM)

was prepared by dissolving pyrene in absolute ethanol (0.4mg ml-1). Under a stream

of nitrogen the pyrene solution (100 µl) was dried in 100 ml volumetric flask. The

solution was made up to 100 ml using MilliQ water. Using this pyrene solution as the

solvent various concentrations of METx solutions were prepared (200 µg ml-1 to 2 pg

ml-1, 1.45x10-10 to 1.45x10 -4M). Each solution was probe sonicated on ice for 15

minutes with a cycle of 5 minutes on and 3 minutes off with (Q Sonica, Cole Parmer
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Instruments Co. Ltd, UK). The Q Sonica was used with a microtip and set to 25% of its

maximum output. The fluorescence spectra was recorded using a spectrophotometer

(LS 50B Fluorescence Spectrometer, Perkin Elmer, Massachusetts, United States).

The excitation was set at 335 nm and the emission was measured from 350 to 500

nm. The ratios of the intensity of the third (383 nm) and first (375 nm) peaks in the

emission spectra (the I3/I1 ratio) were recorded and the critical micellar concentration

was calculated at the concentration at which the rapid change in gradient is observed.

Each concentration was repeated in triplicate.

2.2.2.4 HPLC Method

HPLC was performed to analyse the content of peptide within the given solutions.

HPLC was performed using an Agilent 1200 HPLC system (Agilent Technologies,

UK) equipped with a quaternary pump, degasser, auto sampler and a UV detector.

Samples were chromatographed over a reverse phase column: Phenomenex Onyx

Monolithic C18 column (5 µm, 4.6x100 mm) connected in series with a guard column

(5 µm, 4.6x10 mm) (Phenomenex, UK). The column temperature was kept constant

at 35°C. Separation was performed in a gradient method of 20-95% MeCN over 15

minutes, the gradient is shown in table 2.3 below. The VWD detector was set at 280

nm. The chromatograms were obtained and analysed using HPLC Chemstation (ver-

sion 01.05 for windows) software.

Table 2.3: HPLC solvent gradient for METx.

Time (minute) 0 2 15 17 19 20 25
MeCN (%) 20 20 80 95 95 20 20
Flow rate (ml min-1) 1.5

2.2.2.5 Solubility Studies

Solubility of METx was determined using the shake flask method. An excess of METx

(1mg) was suspended in MilliQ water, phosphate buffered saline (PBS), methanol
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(MeOH), dimethylformamide (DMF) and MeCN (1 ml) and left to shake for 24 hours

at room temperature. Dissolved METx and undissolved METx was separated by cent-

rifugation for 10 minutes at 3,000 rpm (MSE micro centaur, MSE, UK). The super-

natant for MeOH and DMF was diluted four fold using MeOH and DMF respectively.

This was done as the solubility of METx in MeOH and DMF was outside of the HPLC

calibration curve′s quantification limits. The supernatant of each solvent was analysed

using HPLC as described in section 2.3. Each solvent was repeated in triplicate.

65



2.3 Results

2.3.1 Mass Spectrometry

METx was dissolved in water: MeCN with formic acid (0.1%) and analysed by ESI

and tandem MSMS. The mass of METx (expected mass, in Daltons) is 1374.75. The

product ion peak correlates well with the molecular ion of METx producing a parent

ion peak at 1374.75 amu. Tandem MSMS was used identify the correct sequence of

the METx. Tandem MSMS was performed multiple times to achieve all the fragments,

however it did not result in fragmentation of the cyclic ring of METx. The y and b

fragments were produced for the four amino acid peptide tail. The same fragmentation

was found with oxytocin in the literature, in which the cyclic disulphide ring remains

intact [252]. The sites of fragmentation and the table of peptide fragments for METx

are shown in figure 2.1 and 2.2 and table 2.4.

Table 2.4: Identified MSMS fragments of METx.

b fragment m/z observed Residue y fragment m/z observed
104.02 C 1270.74
267.08 Y 1107.67
380.16 I 994.59
508.22 Q 866.53
622.26 N 752.49
723.27 723.26 (b6) C 650.27 652.51 (y4)
821.32 803.31(b7-H2O) P 553.22 555.46 (y3)
933.41 933.42 (b8) L 440.13 442.37 (y2)
990.43 990.42 (b9) G 383.11 385.33 (y1)

1374.37 1374.76 K-(palm)
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2.3.2 TEM

TEM images of METx dispersed in water show the formation of fibrous structures,

around 100 nm in length and 10-15 nm wide as seen in figure 2.3 A and B. Sonication

of METx on ice for 15 minutes results in a decrease in the presence of the fibrous

structures and the formation of spherical aggregations. This can be seen in figure 2.3

C and D. In figure 2.3 D METx aggregates are seen with a size between 10-50 nm.

A B

C D

Figure 2.3: TEM pictures of METx suspended (A and B) and sonication (C and D) in water
at 1mg ml-1.

2.3.3 Pyrene Assay

The pyrene assay uses a hydrophobic probe that exhibits different emission spectra

depending on its environment. Below the CMC, pyrene is in a greater polar environ-

ment which means pyrene cannot be encapsulated resulting in a greater intensity of
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peak 1 at 375 nm. In environments above the CMC there is a greater hydrophobic

environment allowing pyrene to be held within the hydrophobic core of micelles this

leads to a greater intensity of peak 3 at 383 nm. The pyrene assay uses the ratio of

peak intensities of the first and third peak of various concentrations of compound to

calculated the CMC

Using the pyrene assay as described above, the i3/i1 intensities were measured

for METx from 2 pg ml-1 (1.45x10-10M) to 200 µg ml-1 (1.45x10-4M) by stepwise

dilution, shown in figure 2.4 . The CMC of METx was calculated to be 27.4mg L-1

(2x10-5M).

Figure 2.4: Determination of CMC of METx using pyrene assay.

2.3.4 HPLC

A calibration curve was created for METx using HPLC. METx (1 mg) was dissolved

in DMSO (dimethyl sulfoxide, 1 ml) and diluted step wise with DMF, shown in figure
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2.5. The liner calibration was y=0.34x+2.8 (r2=0.9982) with the limit of detection of

1 µg ml-1 .

-1

Figure 2.5: HPLC calibration curve of METx.

2.3.5 Solubility Studies

The solubility of METx was measured in various aqueous and organic solvents using

the shake flask method. Undissolved METx was separated form solubilised METx by

centrifugation.

Table 2.5: Solubility of METx in different solvents.

Solvent Concentration (±) (µg ml-1)
Water Undetectable
PBS Undetectable

Acetonitrile 19.45 (5.5)
Methanol 362.71 (47.8)

DMF 833.17 (98.9)
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The solubility of METx in aqueous solvents was below the limit of detection of

HPLC. In water and PBS the solubility of METx was below 1 µg ml-1. A solubility of

less than 1 µg ml-1 is considered to be either practically insoluble or insoluble. In or-

ganic solvents METx showed higher solubility. The solubility of METx was measured

in MeCN, MeOH and DMF. METx showed highest solubility in DMF followed by

methanol and acetonitrile respectively. Table 2.5 shows the overall data for solubility

studies.
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2.4 Discussion

Within the experiments of this chapter initial preformulation experiments were un-

taken to understand a few properties of METx. The results from these experiments

would help plan with some aspects of future experiments. There is a large number

of preformulation experiments that may be undertaken which aim to characterise the

bulk material and its properties of the molecule such as solubility, stability and its

isoelectric point (pI) [205].

MS and tandem MSMS were used to confirm the structure of METx. The mo-

lecular weight of METx is 1374, the product peak of METx was seen to fly at 1374.

Upon fragmentation of METx it was found that fragmentation only took place on the

peptide tail and not within the cyclic disulphide ring of METx. All the fragments after

the cyclic ring were identified, this helped to confirm the structure of METx. The same

molecular weight fragments were found by Erve et al. [252].

TEM shows the macroscopic structure of the given sample. When METx is sus-

pended in water without any energy applied it shows the formation of fibrous like

structures, which can be seen individually upon magnification. The fibrous structures

have dimension of around 100 nm in length and 10-15 nm wide. These structures are

similar to those literature by Lalatsa et al. where the attachment of palmitoyl to LENK

resulted in fibrous structures [139] and also by Weronski et al. with the attachment

of palmitoyl to two different 10 amino acid sequence peptides [253]. When METx

is probe sonicated it shows the formation of circular aggregations with a diameter of

10-50 nm. TEM provided the first indication that METx aggregates. This is important

as it warrants the next study to determine the critical micelle concentration of METx.

There a number of ways to measure the CMC of a given molecule, in this study

pyrene was used as a probe to determine the CMC. Depending on the surrounding

environment of pyrene; the transition between aqueous to lipophilic; alter the relative

intensities calculated between the first and third peak. The CMC of METx has been

calculated to be 2x10-5M (20 µM, 27 mg L-1). Similar values of CMC were found

by other groups that used the palmitoyl chain either for receptor binding or increased
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permeability within their given molecules [254, 255]. The CMC of palmitoylated

GALA (14 amino acid) was measured using the pyrene assay, and found to be 12 µM

[255]. Another study observed CMC a tripeptide conjugated with either palmitic acid

(C16) or stearate (C18). The study found that both peptides have CMC values in the

micro-molar range, with palmitoyl linked peptide CMC higher than that of the stearate

linked peptide, 60 and 43 µM respectively [256].

Another preformulation experiment was to study the solubility of METx. The

solubility of METx was measured using the shake flask method, with a concentration

of 1mg ml-1 left to shake for 24 hours at room temperature. This concentration was

considered an excess as none of the solvents produced concentrations above 1mg ml-1.

In water and PBS the concentration of METx was below that of the detection limit, less

than 1 µg ml-1. Even if the solubility was at 1 µg ml-1, when this is scaled up to the

volume required for 1g it is 1,000,000 ml (1000L). Within the criteria of the USP,

BP and EUP; METx is considered practically insoluble within aqueous environments.

METx is an OXT derivate, it has been modified by the attachment of palmitoyl lysine

to the tri-peptide tail of OXT. OXT is considered very soluble in water and PBS, the

stated value of solubility in PBS (pH 7.2) is 5 mg ml-1. As lysine is very soluble

amino acid in water (100mg ml-1), it can be assumed that the addition of plamitoyl that

makes METx insoluble in water. However this lack of solubility is a problem that is

experienced both in marketed drugs as well as those in development stages. Estimates

suggest around 40% of marketed medications are classified and 90% of developmental

drugs are characterised as poorly soluble [257]. METx was found to more soluble in

organic solvents. METx has the highest solubility in DMF followed by MeOH and

then MeCN.

Similar solubility results were found in the literature for palmitoylated peptides,

Gkourogianni et al. found palmitoylated peptides were insoluble in water but more

soluble in organic solvents, where as the non-palmitoylated peptides were freely sol-

uble in aqueous mediums [258, 259]. Another example of decrease in solubility on

palmitoylation is example of this is liraglutide, a commerical GLP-1 agonist. Lira-

glutide is made up of the GLP-1 linked to palmitic acid via a glutamic acid linked

[260]. GLP-1 is a 38 amino acid peptide that has a solubility of 1mg ml-1, however
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liraglutide has a lower solubility with water at pH 7 [261]. The impact of solubility by

conjugation of a lipophilic group to a peptide is well-known, its reduction in solubility

is due to an increase the molecule′s hydrophobicity [262].

In conclusion, two properties of METx have been investigated, its ability to ag-

gregate to form micelles and its solubility. METx was found to form spherical ag-

gregates with a CMC of 20 µM. METx exhibited undetectable solubility in aqueous

medium and was higher in organic solvents, with the highest solubility of METx in

DMF. These results will be part of important steps in further studies, the concentration

of METx tested in the in vitro studies is kept below that of MET′s CMC. This is to

ensure the effect of METx in its monomeric form is observed and not that of its ag-

gregated form. Also the solubility studies are important at they will help with the best

solvent for isolation of METx in the formulation stability studies.
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Chapter 3: In Vitro Studies

3.1 Introduction

In vitro studies have become an essential tool to study and understand cellular bio-

logical and physiological processes for more than 100 years [263]. In vitro assays

provide an alternative method to some animal studies, this means the number of an-

imal studies may be reduced. Animal studies can be slow, costly and less ethically

accepted [264]. In vitro studies can be used as a tool to build an initial picture as well

as play a key role in screening [265]. The results from in vitro studies can be used

with confidence as these models undergo some of the most through validation in life

sciences [266]. The aims of the experiments discussed in this chapter are to study the

activity of METx on the V2R, by measuring the production of cAMP.

3.1.1 Vasopressin

The V2R is found on the basolateral membrane of the collecting duct in the kidney

[267]. The binding of AVP to the V2R leads to the insertion of the water channels,

AQP2, into the luminal surface of the collecting tubule cells [26]. The V2R is from

the β subfamily of rhodopsin like GPCR [268], which uses cAMP as its secondary

messenger [269].

Activation of the V2R by AVP stimulates the Gs-coupled protein, Gαs, which activ-

ates adenyl cyclase. The activation of adenyl cyclase causes the production of cAMP

from adenosine triphosphate (ATP) which in turn activates protein kinase A (PKA).
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The activation of PKA results in the phosphorylation and translocation of AQP2 within

the intracellular storage vesicles to the apical plasma membrane. Making the mem-

brane permeable to water [270]. This pathway results in exocytosis of aquaporin water

channel vesicles (AQPWC) and also inhibits the endocytosis of the AQP2. This dual

action ensures an increased amount of AQP2 in the membranes thereby maximising

the permeability of the collecting duct [271, 272, 273]. Figure 3.1 shows an overview

of the cascade that leads to the reabsorption of water from the collecting duct. The

reabsorbed water is returned back to the blood, helping to decrease plasma osmolality

[274].
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Figure 3.1: V2R cellular cascade.

cAMP is the secondary messenger within the V2R cascade. cAMP is derived from

adenosine triphosphate (ATP) by adenyl cyclase found on the inside of plasma mem-
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branes, that is activated due to binding of an agonist. cAMP plays a critical role in cell

signalling mechanisms of other hormones such as glucagon and adrenaline. cAMP

causes the phosphorylation of proteins via protein kinase [275]. In the AVP; cascade

PKA activated to due to cAMP activity phosphorylates at Ser-256 on the AQP2. This

results in the insertion of AQP2 channels in the apical membrane, making the mem-

brane water permeable [270].

3.1.2 Ligand Screening Studies

There are a number of methods to screen ligands for GPCRs. The wide range of

assays used to screen for ligands of GPCR may be divided into two major groups;

either receptor binding assays or functional assays. The functional assays can be fur-

ther divided into two groups; G-protein dependent functional assays, or G-protein in-

dependent functional assays [276]. Irrespective of assay used there are some basic

requirements that need to be met; the assay has to be pharmacologically relevant, re-

producible, minimise assay costs, maximise assay quality, reduction of solvent effects

within the assay. The majority of chemical libraries are stored in either ethanol or

DMSO so assays need to be devised such that they are not sensitive to the concentra-

tion of solvent used [277]. The commercial availability of each group and an overview

of their advantages and disadvantages is shown in table 3.1 .
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3.1.2.1 Receptor Binding

Receptor binding assays rely on the ability to measure the interactions between one

or more molecules and a target site. This interaction can be either two proteins bind-

ing to one another, a molecule binding to a receptor, or a protein binding to a nucleic

acid [279]. Historically, binding assays were performed using radioactive labelled lig-

ands, but with the disadvantages related to the disposal of radioactive waste, costs,

health hazards and requirements of special licences, newer technologies have been

developed. Newer labels using colorimetric, fluorescence or luminescence detection

methods have been developed to provide similar data, with a reduction of the risks to

the investigator and environment [280]. Irrespective of the labelling technique or de-

tection method; the overall methods remain the same. Binding assay experiments start

with a preparation containing the receptor/protein of interest which is incubated with

the labelled ligand of interest, after which either the bound or free ligand concentration

is measured. These steps are repeated using a range of concentrations of unlabelled

ligands [281].

Binding experiments can be either kinetic or equilibrium, kinetic experiments are

used to define optimal assay conditions. Equilibrium experiments may further be di-

vided into either saturation or competition experiments. In saturation experiments the

binding affinity of the labelled ligand is determined. Increasing concentrations of la-

belled ligand are incubated with the receptor/protein from which dissociation constant

(Kd) may be calculated, as show in figure 3.2 [282]. Kd signifies the strength of the

interaction between the ligand and a given target, Kd is the concentration of ligand

required to bind to 50% of receptors within the system [283], as shown in figure 3.2.

Competition experiments sometimes referred to as displacement experiments can also

be performed. A fixed concentration of labelled ligand competes with different con-

centrations of an unlabelled inhibitory ligand. This type of experiment calculates an

inhibitory concentration (IC50), which is the concentration of the inhibitor causing

50% inhibition of binding of a given substance [282].
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Figure 3.2: Ligand binding saturation curve.

3.1.2.2 Functional Assays

The other screening assays are functional assays, which measure activity. Functional

assays either measure G protein activation, or the generation molecules derived due to

G protein activation. This can be the production of a secondary messenger or another

molecule in the activation cascade [276]. Like the receptor binding assays the set up

for functional assay is similar with a living cells expressing the receptors of interest

and incubated with the molecule of interest either alone or in order to understand com-

petition in the presence of another molecule for a given amount of time. However, ex-

traction and quantification is unique for each experiment depending on what molecule

in the cascasde is being measured. The measurements are quantified either using ra-

diometric, luminescence, fluorescence or absorbance [278]. The biggest advantages

of functional assays over binding assays are that binding assays provide ligand affinity

information, however this does not determine if the bound ligand results in activity. In

contrast functional assays provide an answer to the effect on cellular function, so it has

been argued that they provide a wider breath of information [276, 284].
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3.1.3 Enzyme Immunoassay

Enzyme immunoassays (EIAs) and enzyme-linked immunosorbent assays (ELISAs)

are assay systems that use antigens and antibodies labelled with an enzyme for the

measurement of a specific substance in a biological sample. EIA can detect proteins,

peptides and hormones in small quantities [285, 286]. Both EIA and ELISA are un-

derpinned by the same theory and involve similar steps in practice, the difference in

names is due to the names given in their first papers and patents. Engvall and Perl-

mann at Stockhol University, Sweden published the first ELISA paper in 1971 while

Schuurs from NV Organon Laboratories, Netherlands filled patents for the technology

as EIA in 1970s [287].

One of the most common methods to group the different EIAs is by the process of

detection; either direct or indirect detection. The difference is the method in which the

antigen (molecule of interest) is bound to the antibody of the plate and then detected

[288]. Figure 3.3 shows an overview of each methodology.

In the direct EIA method, the antigen and the other constituents of the sample ad-

sorb onto the base of a micro-well. Next an enzyme tagged antibody is incubated with

the antigen, which binds to the antigen. Excess enzyme tagged antibody is removed

by washing. This is followed by incubation with a substrate that produces a colour

change due to the enzyme action. One of the key advantages of this technique is that it

is very quick due to the use of one antibody. However, the requirement of an enzyme

tagged primary antibody can make this very expensive. Also another problem is the

reactivity of the antibody can be affected by conjugation [285, 289, 290].

In an indirect EIA the sample containing antigen adsorbs onto the base of the

micro-plate, to which an antibody that is specific for the antigen of interest is added.

This antibody is called the primary antibody. After washing to remove any unbound

primary antibody, a second enzyme-conjugated antibody which binds to the primary

antibody is introduced, a second wash removes any unbound enzyme conjugated anti-

body. A substrate for the enzyme is introduced to quantify the bound primary antibody

through a colour change. The concentration of antigen is proportional to the intensity
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of colour generated. Indirect EIA has many advantages; there is a wide availability

of enzyme conjugated antibodies that can be used in the second step. The loss of

immuno-reactivity of the primary antibody is not a concern as it is not modified and

different visualisation markers can be used for the same primary antibody. One of the

biggest disadvantages of this method is cross-reactivity can occur with the secondary

antibody and serum antigens, resulting in a nonspecific signal [285, 289, 290].

Further development of direct and indirect assays led to the development of sand-

wich and competitive EIAs [291]. The biggest difference is that the surface of the

micro-well is coated with an antibody that binds to the antigen of interest.

In sandwich EIAs the sample containing the antigen of interest is introduced to the

antibody coated wells. A second specific antibody is introduced that is also specific

to the antigen, this "sandwiches" the antigen between the two antibodies. After wash-

ing an enzyme-conjugated secondary antibody is introduced, after a second washing

step a substrate for the enzyme is introduced to quantify the antigen through a colour

change. The concentration of antigen is proportional to the intensity of colour gen-

erated. Sandwich EIAs have the advantage of higher sensitivities as the antigen of

interest is sandwiched between two antibodies [285, 289, 290]. Sandwich EIAs are

considered to be the most robust therefore most commonly used [292].

Competitive EIAs use a similar methodology to sandwich based EIA, however

when the sample containing the antigen of interest is introduced; a fixed concentration

of enzyme linked antigen is also incubated at the same time. The enzyme linked

antigen competes with the antigen from the sample for binding sites on the antibody.

After washing only bound antigen is left behind and a substrate that produces a colour

change upon transformation is introduced. If there is a larger concentration of antigen

then a lower proportion of enzyme linked antigen is able to bind to the antibody, if

the there is a low concentration of antigen then a higher proportion of enzyme linked

antigen is able to bind to the antibodies. As the colour intensity is due to enzyme linked

antigen, the colour intensity is an inverse proportion to the antigen of interest is within

the sample. One of the greater advantages of these type of EIA is the ability to have

higher sensitivities for smaller molecules [285, 289, 290]. This is the EIA technology

used to quantify secondary messengers such as cAMP, inositol-trisphosphate (IP3) and
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diacylglycerol (DAG) [293, 294, 295]. The competitive EIA was used within these

studies to measure cAMP generated by V2R, as this is the best EIA type to measure

smaller molecules.
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3.2 Materials & Methods

3.2.1 Materials

Table 3.2: Materials used for in vitro studies of METx.

Materials Supplier

Arg8-Vasopressin Sigma-Aldrich

cAMP EIA kit GE Life Science

Dimethyl sulfoxide (DMSO) Sigma-Aldrich

Eagle′s Minimum Sigma-Aldrich

Essential Medium (EMEM)

Fetal Bovine Serum (FBS) Sigma-Aldrich

Isobutylmethylxanthine (IBMX) Sigma-Aldrich

L-Glutamine Thermo Fisher Scientific

METx Severn Biotech

MDCK Cell Line European Collection of

Authenticated Cell Cultures

Non-Essential Amino Sigma-Aldrich

Acid (NEAA)

Dulbecco′s phosphate Sigma-Aldrich

buffered saline (DPBS)

Trypsin (0.25%) Thermo Fisher Scientific
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3.2.2 Methods

The extent of activation or inhibition of V2R was determined by the accumulation

of cAMP in Madin-Darby Canine Kidney (MDCK) cells. The accumulation was de-

termined as described previously with a few modifications [296, 297, 298]. cAMP was

measured using a competitive cAMP EIA kit, cAMP EIA Biotrack (GE Life Sciences).

Data is expressed as fmol/well.

3.2.2.1 Cell Culture

MDCK cells were obtained from European Collection of Cell Cultures (ECACC) and

cultured in Eagle′s Essential Minimum Medium (EMEM) supplemented with fetal

bovine serum (FBS 10% v/v), L-Glutamine (1% v/v) and non-essential amino acids

(NEAA 1% v/v). Cells were grown at 37°C in T-75cm2 culture flasks under a humid-

ified 95% air /5% CO2 atmosphere. The cell culture medium was changed every 2

days. Cells were subcultured every 7 days or upon reaching confluence using trypsin

/EDTA (0.25%, 3 mL) and reseeded at one third of their original density.

3.2.2.2 Dose Response Studies

MDCK cells (passage number 10-20) were detached as described above (section 3.2.2.1)

using trypsin and seeded in the appropriate density depending on the plate size. Transwell

plates (12 mm transwell with 0.4 µm pore polycarbonate membrane insert, TC-treated)

were seeded with 500,000 cells per transwell. Transwell plates were used as 75% of

the V2R receptor are expressed in the basolateral membrane [267]. In the 24 well

plates were seeded with 50,000 cells per well and 96 well plates were seeded with

100,000 cells per well as recommended by the manual of cAMP EIA and the cell

plate specifications [299, 300] For experiments performed in 96 well plates, cells were

seeded 16 hour before the experiments. Experiments in transwells or 24 well plates,

cells were seeded 72 hours before the experiments, with cell culture medium changed

everyday.
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On the day of the experiment, the cells were washed Dulbecco′s phosphate-buffered

saline (DPBS) without calcium and magnesium and incubated for 1 hour in cell culture

medium with isobutylmethylxanthine (IBMX, 0.5 mM). IBMX is a phosphodiesterase

inhibitor, this prevents the breakdown of cAMP within the cells, allowing for total

quantification. After this, cells were incubated for 30 minutes with AVP or METx in

cell culture medium with IBMX (0.5 mM). For experiments performed in transwells

both the apical and basolateral chambers were treated with the given concentration of

AVP or METx. This is to reduce the concentration gradient of AVP or METx from the

apical to the basolateral regions and vice versa.

After 30 min of incubation with the respective concentration of AVP or METx, the

cells were lysed using the cAMP EIA′s lysis buffer for 10 minutes as per the cAMP

EIA protocol. cAMP was quantified from lysate (100 µL) using a competition based

EIA as per the protocol of the cAMP EIA. The optical density was measured using

at 450 nm using ELx808 microplate reader (Bio-tek instruments, Potton, UK). Each

concentration of AVP or METx was repeated in triplicate. The EC50 were calculated

using Origin Pro 2016.

3.2.2.3 Competition Studies

The same experimental set up as described above (section 3.2.2.2) was followed for

the seeding of MDCK cells and incubation of IBMX (0.5 mM) on the day of the ex-

periment. For competition studies, the cells was incubated with a high concentration

of AVP and varied concentration of METx. After 30 minutes of incubation with the re-

spective concentration of AVP and METx, the cells were lysed using the cAMP EIA′s

lysis buffer for 10 minutes as per the cAMP EIA protocol. cAMP was quantified from

lysate (100 µL) using a competition based EIA as per the protocol of the cAMP EIA.

The optical density was measured using at 450 nm using ELx808 microplate reader

(Bio-tek instruments, Potton, UK). Each concentration of AVP or METx repeated in

triplicate. Each concentration of AVP and METx repeated in triplicate.

For experiments performed in 96 well plates, the concentration of AVP was 10-4M

and the METx concentration was varied from 10-6 to 10-13M. For experiments per-
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formed in transwells the concentration of AVP was 10-7M and the METx concentra-

tion was varied from 10-7 to 10-13M. For experiments performed in 24 well plates the

concentration of AVP was 10-4M and the METx concentration was varied from 10-7

to 10-13M.

3.2.2.4 Synergistic Studies

Synergistic studies were performed in 96 well plates. The same experimental set up as

described above (section 3.2.2.2) was followed for the seeding of MDCK cells in 96

well plates and incubation of IBMX (0.5 mM) to prevent cAMP breakdown on the day

of the experiment. Cells were incubated with either a high (10-4M), medium (10-5M)

or low (10-9M) concentration of AVP for 15 minutes, after which varied concentrations

of METx, from 10-6 to 10-13M, were added to the cells for a further 15 minutes. After

the combined 30 minutes incubation the cell cells were lysed using the cAMP EIA′s

lysis buffer for 10 minutes as per the cAMP EIA protocol. cAMP was quantified

from lysate (100 µL) using a competition based EIA as per the protocol of the cAMP

EIA. Each concentration of AVP or METx repeated in triplicate. The optical density

was measured using at 450 nm using ELx808 microplate reader (Bio-tek instruments,

Potton, UK). Each concentration of AVP or METx repeated in triplicate.
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3.3 Results

3.3.1 AVP and METx Dose Response Curves

3.3.1.1 96 Well Plate

Figure 3.4: Dose response curve of AVP and METx in MDCK cells in 96 well plates.

The dose response of AVP and METx was performed in a 96 well plate with

MDCK cells and the results are shown in figure 3.4. MDCK cells were incubated

for 30 min with various concentration of AVP (10-3 to 10-9M) or with various con-

centrations of METx (10-6 to 10-18M), after which the cAMP was quantified using an

EIA kit.

AVP produced a dose dependent increase in cAMP. The maximal response for AVP

91



was seen at 10-4M. The AVP does response curve′s EC50 was 2.3x10-5M. METx also

produced a dose dependent increase in cAMP, its maximal response was seen at a con-

centration of 10-8M. The cAMP produced at 10-8M by METx was 55% compared to

maximal amount of cAMP produced by AVP at 10-4M , its top concentration. The

EC50 for METx was calculated to be 1.4x10-9M. In comparison to AVP, the endogen-

ous full agonist of the V2R, METx produced a reduced maximal response in cAMP.

This suggests that METx is a partial agonist of the V2R in MDCK cells. The EC50 of

METx was calculated to be 5 log units lower than that of AVP. The results suggest that

METx may be a more potent partial agonist than AVP of the V2R.
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3.3.1.2 Transwell

Concentration (M)

Figure 3.5: Dose response curve of AVP and METx in MDCK cells in 12 well transwell
plates.

MDCK cells were seeded in transwell plates as 75% of the V2R receptor are ex-

pressed in the basolateral membrane [267], this allowed maximal access to the V2R.

MDCK cells were incubated with AVP and METx for 30 minutes in both apical and

basolateral side for 30 min after which cAMP was quantified using a cAMP EIA kit.

MDCK cells were incubated with AVP (10-6 to 10-12M) or METx (10-7 to 10-14M)

for 30 min.

Figure 3.5 shows the dose response curve of AVP and METx in the transwell.

AVP produced a dose dependent increase in cAMP. The maximal response for AVP

was seen at 10-7M. The AVP does response curve′s EC50 was 9.3x10-10M. METx

also produced a dose dependent increase in cAMP, however its maximal response
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was seen at 10-8M. The maximum amount of cAMP produced by METx was 57%

compared to that of AVP′s maximal cAMP response. The EC50 for METx was cal-

culated to be 2.7x10-9M. In comparison to AVP, the endogenous full agonist of the

V2R, METx produced a reduce maximal response in cAMP. The results suggest that

AVP and METx have the same level of potency for the V2R of the MDCK cells when

seeded in transwell plates. METx showed partial agonist activity compared to AVP,

the known full agonist of V2R.

When the amount of cAMP produced by MDCK cells in transwells is compared

to that of cells with the 96 well plates, those cells in the transwells produced a higher

level of cAMP. The amount of cAMP generated in those cells seeded in the transwell

plates are double that of the cells in the 96 well plates. It can also be seen that the Emax

was reached at a similar concentration for METx, however the Emax concentration for

AVP was far lower.
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3.3.1.3 24 Well Plate

Figure 3.6: Dose response curve of AVP and METx in MDCK cells in 24 well plates.

MDCK cells were seeded in 24 well plates and grown in the same manner as the

MDCK cells within the transwell dose response experiments. The 24 well plate was

chosen as it had a similar growth area to that of the transwell plates, but without the

polarised environment. This meant that the effect of the polarised cells could be further

understood. Similar experiments to that of the transwell dose response curve were

performed. MDCK cells were incubated with AVP (10-3 to 10-10M) or METx (10-6 to

10-13M) for 30 min.

Figure 3.6 shows the dose response curve of AVP and METx in the 24 well plate.

AVP produced a dose dependent increase in cAMP. The maximal response for AVP

was seen at 10-5M. The AVP does response curve′s EC50 was 1.7x10-7M. METx also

produced a dose dependent increase in cAMP, however it did not plateau for a maximal
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response, which meant an EC50 could not be calculated. In comparison to AVP, the

endogenous full agonist of the V2R, METx did not reach a maximal response for the

production of cAMP within the concentrations tested.

Table 3.3: EC50 of AVP and METx in different well plate.

Well Plate Molecule EC50 (M)
96 well plate AVP 2.3 x10-5

METx 1.4x10-9

Transwell AVP 9.3x10-10

METx 2.7x10-9

24 well plate AVP 1.7x10-7

METx ND

Comparison of the different EC50 values are shown in table 3.3. It can be seen that

as the the number of wells decrease from 96 to 24 well plates the EC50 values of AVP

also decrease. The difference between the 96 and 24 well plate is an increased area,

where as in the transwell plates there is an increased access to the V2R.
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3.3.2 AVP and METx Competition Experiments

3.3.2.1 96 Well Plate

Figure 3.7: Competition experiment of AVP and METx in 96 well plates.

To better understand the activity of METx, experiments were performed to asses

the competition of AVP and METx for the V2R. This would help to determine if METx

binds to the active site (orthosteric) or another site (allosteric) on the V2R, as well as

which has a higher affinity for V2R. Cells were seeded in 96 well plates and treated

with a high concentration of AVP (10-4M) with various concentrations of METx (from

10-6M to 10-13M) for 30 min, after which the cAMP generated was quantified using a

cAMP EIA kit.

The results can be seen in figure 3.7. As the concentration of METx in the pres-

ence of high concentrations of AVP increased the production of cAMP decreased. At
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low concentrations of METx and high concentration of AVP; the level of cAMP gen-

erated was very similar to that of high concentrations of AVP (figure 3.4). However,

as the concentration of METx increased the production of cAMP decreases, reaching

a level close to the basal level of cAMP production. The results from this experiment

show that as the concentration of METx increases, it prevents the activation of the V2

suggesting METx in the presence of AVP is an antagonist of V2R.

3.3.2.2 Transwell

Concentration (M)

Figure 3.8: Competition experiment of AVP and METx in transwell.
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MDCK cells were seeded in transwells, allowing maximum access to the V2R.

Similar experiment to that seen in section 3.3.2.1 were performed with a few changes.

The METx concentrations were varied from 10-7 to 10-13M and the high concentra-

tion of AVP incubated with each concentration of METx was 10-7M, as this was the

concentration close to the Emax of AVP in the transwell plate (figure 3.5).

Those cells that were incubated with lower concentrations of METx and high con-

centrations of AVP; the cAMP response was similar to that of high concentrations of

AVP alone like those of figure 3.5. As the concentration of METx increased, the cAMP

production within the cells started to decrease stabilising to a similar level of that of

the Emax of METx. The decrease in cAMP production started to take place at similar

concentration to the EC50 of METx. This can be seen in figure 3.8. This suggests

that METx is a partial agonist that binds to the same active site of AVP of the V2R of

MDCK cell lines. The results also suggest that METx has a higher affinity for V2R

than AVP as cAMP production shifts to a similar level to that produced by METx.

When these results are compared to the 96 well plate experiment (figure 3.7); in

the transwell plate the mix of high concentrations of AVP and METx still result in the

production of cAMP whereas in the 96 well plate there is little production of cAMP.

Within the transwell plate there is larger proportion of V2R that are more accessible

compared to that of 96 well plate. This suggests that if enough V2R are available for

both AVP and METx to bind to then partial activity is still possible. This shows the

importance of a large enough number of V2R in order for METx and AVP to have

activity in the presence of each other.
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3.3.2.3 24 Well Plate

Figure 3.9: Competition experiment of AVP and METx in 24 well plate.

A similar experiment to that of 96 well plate was undertaken to understand the

effect of METx in the presence of AVP in MDCK cells. This experiment also helped to

understand the importance of the polarisation of the cells and the impact of a receptor

reserve. Similar experiments were performed to that of section 3.3.2.1 with a few

changes. The METx concentrations were varied from 10-6 to 10-13M and the high

concentration of AVP incubated with each concentration of METx was 10-4M. The

different concentration of AVP was chosen as this was the concentration of AVP that

produced the Emax with the 24 well plate (figure 3.6).

The results can be seen in figure 3.9. As the concentration of METx increased the

production of cAMP decreased. In those cells that were incubated with low concen-

trations of METx and high concentration of AVP; the level of cAMP generated was
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very similar to that seen in the 24 well dose response curves (figure 3.6). As the con-

centration of METx increased the level of cAMP decreased, reaching an amount close

to the basal level of cAMP production. The results from this experiment suggest that

METx is an antagonist of V2R, as the highest concentrations of METx prevents cAMP

production and inhibits the activity of AVP.

3.3.3 Synergistic Studies

Figure 3.10: Synergistic effects of AVP and METx in 96 well plate.

Experiments were conducted to observe the effect of METx in MDCK cells that

had been pre-incubated AVP in a 96 well plate. This was done to mimic the environ-

ment experienced within the body where there is constant presence of AVP. The body

has a basal AVP level of 2-4 pg ml-1, (2-4x10-12M, 2-4 pM) [301, 302] that can rise

due to a number of stimuli of which the most potent is increased plasma osmolality

[302]. MDCK cells were exposed to one of three concentrations (low, medium and

101



high) of AVP for 15 minutes after which various concentrations of METx were added

and incubated for further 15 minutes. The total exposure time was 30 min after which

cAMP was quantified using an EIA kit. Three concentrations of AVP were used; be-

low the EC50 (10-9M, low), at the EC50 (10-5M, medium) and a concentration above

the EC50 (10-4M, high). The METx concentration range was from 10-6 to 10-13M.

These results can be seen in figure 3.10. Where METx was added to those cells

that had been pre-incubated with AVP concentrations below the EC50 and at the EC50;

addition of METx caused an increase in the production of cAMP. The cAMP produc-

tion increased at concentrations at and above the EC50 of METx (10-9M). However,

the cells that had been pre-incubated with the highest concentration of AVP (10-4M);

METx was not able to cause any increase in cAMP production. This showed that

METx was still able to cause an increase the agonist effect in the presence of sub

maximal AVP. The results also show that METx is not able to displace AVP from its

receptor site. This can be seen from higher concentrations of METx that do not cause

a decrease in the level of cAMP produced. If METx was able to displace AVP then

this would result in a lower of cAMP at the higher concentrations as seen in figure 3.4,

however this does not happen.
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3.4 Discussion

The use of in vitro testing has become a key stage in the screening of ligands for

GCPRs. The pharmaceutical industry have used in vitro testing to support the early

identification of new drug candidates [303]. In vitro testing has also helped to provide

an alternative method to some animal tests, thereby supporting the 3Rs (replacement,

reduction and refinement) as part of UK Animals (Scientific Procedures) Act (ASPA)

1986 [304]. To further support the use and application of in vitro studies; the European

Medicine Agency (EMA) has published a paper on the use of in vitro studies to reduce

animal studies. The paper also provides information on the conditions required to en-

sure these methods and results can match with the requirements for regulatory approval

[305].

On cells expressing V2R activation by AVP leads to the generation of cAMP, which

further downstream leads to production of concentrated urine. The in vitro experiments

discussed within this chapter were undertaken to understand the activity of METx on

the V2R by measuring cAMP production within MDCK cells. There are two known

cells lines that express the V2R; MDCK cell line which is derived from the kidney of a

dog and LLC-PK1 which is derived from the kidney of a pig [26]. Quantifying cAMP

production using a competitive EIA determined the activation of V2R. Incubating cells

with IBMX before the experiment ensured that cAMP did not break down by inhib-

iting denosine 3,5-cyclic monophosphate phosphodiesterase [306]. Using functional

assays instead of binding affinity assays helps to provide activity based information.

For example, if METx showed affinity in a binding assay this would not necessarily

mean that it has any pharmacological activity. A second experiment would have to be

performed to understand if this binding would result in any form of activity.

In these experiments METx has shown partial agonist activity of the V2R. In 96,

24 well and transwell dose response experiments, METx showed partial agonist activ-

ity, not reaching the same maximal response as AVP, the natural full agonist of V2R.

METx showed 60% efficacy compared to AVP in the 96 well, 24 well and transwell

format. There were no previous reports of the EC50 of AVP in MDCK cell, hence
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ours is the first such report. The values reported are for MDCK subclones or MDCK

cells that have been transfected with genes to study the V2R or AQP-2 [307, 267, 308].

The literature values for EC50 of AVP in cells transfected with V2R line are between

0.6 to 18 nM [296, 309, 310, 311], with similar values reported for primary culture of

collecting ducts cells, 0.8-6.8 nm [312].

In all the dose response experiments (96, 24 well and transwell) METx showed

partial agonist activity. The transwell experiment was used to assess the true potency

and efficacy of METx as this is the physiologically relevant model, as seen by the

similarity in AVP′ EC50 value. The EC50 of METx (2.7x10-9M, 2 nM) is similar to

that of AVP (9.3x10-10M, 0.9 nM) and so METx can be considered to have a similar

potency as AVP but a lower level of efficacy, around 60%. The different EC50 values

of AVP in the different well plates are shown in table 3.3. The transwell plate has an

EC50 value closest to physiological level, the 96 and 24 well plate are around 10,000

and 100 fold different.

With the knowledge that METx was a partial agonist the next series of experiments

helped to understand more about the activity of METx. The next set of experiments

helped to understand whether METx′s site of action was the same as that of AVP, or-

thosteric site, or if it was on another part of the receptor, know as the allosteric site.

Increasing concentrations of METx were incubated with a high concentration of AVP.

If METx was a partial agonist that worked at the orthosteric site; the production of

cAMP would drop closer to a similar level seen by METx, as METx would compete

for the same active site as AVP. This lower level of cAMP production would be pre-

dominantly due to receptor activation by METx. However, if METx was to act upon

an allosteric both the activity of METx and AVP would combine to give a larger pro-

duction of cAMP.

Similar competition experiments have been heavily investigated with aripiprazole,

a dopamine receptor partial agonist. Apriprazole is one of a few partial agonist drugs

on the market, it is used as an antipsychotic for the treatment of schizophrenia and

bipolar disorders [313]. Experiments were performed where large concentrations of

dopamine, the natural agonist, with increasing concentrations of aprirpazole. As the

concentration of apriprazole increased the overall dopamine response was reduced.
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This reduction showed that both dopamine and aripiprazole competed for the same

active site [314, 315].

The experiment performed within the transwells showed that METx provided a

level of functional antagonism of the natural AVP response as seen in figure 3.8. As the

concentration of METx increased the overall production of cAMP was reduced. The

cAMP was reduced to the same level as the METx Emax as the dose response curve

(figure 3.5), when both AVP and METx are at high concentrations. This provided a

suggestion that METx binds the the same active site as AVP and has a higher affinity

than AVP for the V2R active site. This can be described as functional antagonism as

METx reduces the cAMP production, therefore it reduces the response of AVP but still

has its own agonist activity.

The same experiment that was performed at in a 24 (figure 3.9) and 96 (figure 3.7)

well format suggested that METx was an antagonist, not a partial agonist. This is

thought to be due to a lack of receptor reserve in the system. The receptor reserve is a

percentage of receptors that are unoccupied when the system is expressing its maximal

response. In the 24 and 96 wells at the high concentration of METx and AVP neither

is able to create a cAMP response, this is thought to be as neither METx or AVP is

able to bind effectively to the receptor to create a response. Thereby neither is able to

create the production of cAMP.

The 24 well cell plate was used to mimic a similar environment to that of the

transwell plate experiment with a lack of cell polarisation. The transwells used have

a growth area of 1.12 cm2 and the 24 cells have a growth area 1.9 cm2, which is the

closest of any multi-well format. Cells were seeded at the density recommended [299]

and grown for 72 hours to become confluent after which the same experiment was

performed. It is believed that the receptors are less accesible in this system; so as the

concentration of METx increases, both METx and AVP compete for the same receptor

site. However, neither is able to have a large enough concentration bind to the V2R

such that a response in cAMP can be seen. As METx is suggested to have a higher

affinity than AVP, it is able to bind to V2R but not in a large enough amount such that

a response can be seen.
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Figure 3.11: Receptor reserve of 24, 96 and transwell plates.

Figure 3.11 shows a diagram of the conditions within the 24, 96 and transwell

plates. Within the 24 and 96 well plate there are not enough receptor binding sites for

METx or AVP thereby neither is able to create a response. Where as in the transwell

plate; there are enough accessible binding sites such that no METx or AVP is left

unbound, but as METx is a partial agonist, only a partial number of receptors bound

will become fully activated resulting in a partial response.

Within a 96 well plate the ability for METx to displace AVP was studied. MDCK

cells were incubated with low (below EC50), medium (EC50) and high (above EC50)

concentrations of AVP. After which various concentrations of METx were incubated
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to challenge the effect of AVP. The results are shown in figure 3.10. METx was able to

show an effect at in the two lower concentrations, the effect was seen at concentrations

near and above the EC50 of METx. However in the highest concentration METx did

not have any effect. This suggest that METx is not able to displace AVP, but it able to

increase the effect if AVP has not reached a maximal effect. These results are different

to those in the competition transwell experiment (figure 3.8) where METx is able to

compete with AVP for the V2R.

The experiments from this chapter suggest that METx is a partial agonist of the

V2R. METx is a hydrophobic derivate of OXT. Although most of the more recent

work into the discovery of newer vasopressin agonists have focused on small mo-

lecules [23, 22], there is much evidence to suggest peptide based research should still

be considered.

V2R agonist are the first line treatment in DI. DI is linked to either a reduced

secretion of AVP or an increased resistance to AVP in the kidneys [35]. The main

stay treatment for diabetes insipidus is desmopressin. Desmopressin is synthetic vaso-

pressin analogue that is selective for the V2R. Desmopressin, (1-desamino 8, d-Arg)-

vasopressin, was first discovered in the late 1960s and is a peptide based vasopressin

agonist [316]. Desmopressin is still currently the most potent V2R agonist in thera-

peutic use. Desmopressin is a full agonist that is more potent than AVP on the V2R

[317]. Another vasopressin based analogue discovered in the late 1950s from pigs is

lypressin, (8-lysine)-vasopressin. Lypressin was found to have a lower potency than

AVP and desmopressin, with lypressin having about 10% activity compared to AVP

[318].

Side effects of hyponatremia and anti-diuresis have been reported from OXT infu-

sions since the early 1960s [319, 320, 321]. Studies have shown OXT has affinity for

the AVP receptors and can cause antidiuretic effects like AVP. OXT has been previ-

ously shown to increase water permeability at the collecting ducts of rats when given

at physiological and at concentrations above physiological levels [322]. Another study

by Han et al. measured cAMP production in isolated collecting ducts. OXT (10-8M,

10 nM) generated around 50% cAMP level compared to AVP (10 nM) [323]. This

cAMP levels are similar to that seen by METx. As the structure of METx is based on
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OXT, the partial activity suggests that the structure activity of METx is not lost by the

addition of lys-(palmitoyl) at position 10. These literature reports also help to explain

the partial activity seen by METx.

To further understand the mechanism of OXT and its antidiuretic effect, OXT was

infused into Brattleboro rats. Brattleboro rats are genetic knockout rats that cannot

produce AVP. OXT infusion resulted in reduced urine production which was inhibited

by V2R antagonists, but not by OXT antagonist. This suggested that OXT′s antidiur-

etic effect was activity on the V2R. Further experiments found that OXT′s antidiuretic

mechanism of action was similar to that of AVP with increased proteins levels of AQP2

and phosphorylated AQP2 [324].

Considering this information and early promises with the use of OXT based mo-

lecules to discover newer antidiuretic drugs, very few studies were done. One such

study by Berde et al. found that replacing isoleucine at position 2 with phenylalanine

produced an analogues that had reduced OXT effects but increased antidiuretic effects

compared to OXT itself [325]. The majority of the research for newer, more potent,

more selective vasopressin agonists have focused on small molecules. The use of ben-

zodiazepine structures has formed the foundation of the majority of the molecules.

This is because benzodiazepine has been referred to as the "privileged structure" for

AVP agonists [326].

Researchers at Pfizer have developed VNA-932, pyridobenzodiazepines based mo-

lecules for V2R agonist. This was developed from lixivaptan (VPA-985) an orally

active V2R antagonist, being developed for hyponatremia and heart failure [327].

VNA-932 and its derivatives were discovered from structure activity relationships of

lixivaptan [328, 329]. However as these compounds were not compared to either des-

mopressin or AVP directly comparisons cannot be made of their potency to that of

METx.

Kissei Pharmaceutical, a Japanese pharmaceutical company, have developed two

other benzodiazepine derivates that are full agonists of V2R with EC50 values similar

to that of AVP [326]. This would exhibit a similar potency to METx, but with higher

efficacy, if the EC50 and activation percentages are compared. Ferring Pharmaceut-
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icals have also researched this area, having developed an OXT antagonist (atosiban),

approved for preventing premature labor [27]. Development of a benzodiazepine with

a urea moiety led to the discovery of VA106483. The molecules developed were com-

pared to AVP (100nM) in a luciferase production assay, with VA106483 showing the

profile of a full agonist with a similar EC50 to that of AVP [330]. This would also

show similar potency to METx, however with high efficacy.

In vitro experiments on MDCK cells have led to the discovery of METx′s par-

tial agonist properties. Desmopressin has become the main treatment for DI. Desmo-

pressin is well tolerated by the majority of patients, however the risk of severe adverse

effects, such as hyponatraemia and water intoxication require a strict fluid intake with

little room for variability [60]. Although desmopressin is more potent than AVP [317],

thus making it more potent than METx; METx has an advantage that as partial agonist,

it causes sub maximal activation. This sub maximal activation may help to decrease

the number of side effects caused by full agonist activity on the receptor [331].
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Chapter 4: Formulation Development

4.1 Introduction

The oral route for any medication is the most convenient and the one with the most

patient compliance. It allows for patient convenience and lowers manufacturing costs

as the degree of sterility required is minimal [73]. In order to be able to deliver peptides

orally, they first need to be protected from the harsh environments of the GI tract

followed by a route that allows for uptake into the systemic circulation [332]. They

also need to be formulated such that they remain stable in the plasma in order to reach

the site of action. Most peptides including those released from within the body have

very short half-lives of minutes [333], therefore these peptides need to be administered

a number of times during the day or over a continuous period. Patients do not like

administering injections many times each day [334].

The polymer of this project is based on a glycol chitosan (GC) derivative. Chitosan

is one of the most commonly used natural polymers for the production of nanoparticles

[335]. Chitosan is prepared from chitin by deacylation of N-acetyl glucosamine. The

removal to the acetyl can be performed chemically or with enzymes, using chemicals is

preferred due to low cost and the ability to scale up production [336]. When the degree

of deacylation drops below 60 mol%, chitin is classified as chitosan [337]. Compared

to the vast number of polymers that have a monograph in the pharmacopeia, chitosan is

very unique, in that it is the only polymer that is cationic. This cationic property is due

to the amino group and is responsible for many of its useful drug delivery properties

[338].
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Chitosan has been extensively studied to develop drug delivery systems [338, 339,

340]. Chitosan has been shown to increase membrane permeability in vitro and in

vivo due to a mucoadhesive effect [339] as well as increase circulation time in the

plasma [341]. Chitosan has been used to make formulations for oral, subcutaneous,

transdermal and ophthalmic drug delivery [174, 342, 343]. Hydrophobically modified

chitosan derivates have been designed to increase the solubility of poorly soluble drugs

[337].

GC is derived from chitosan by conjugation of an ethylene glycol branch to the hy-

droxyl group at position 6 of the sugar ring. This helps in to increase glycol chitosan′s

solubility at neutral pH [344]. Quaternary ammonium palmitoyl glycol chitosan (GCPQ)

is a GC based polymer [345]. GCPQ has been shown to improve the oral delivery of

peptides and hydrophobic drugs that have very little or no bioavailability [139, 183,

182].

4.1.1 Polymer Characterisation Methods

4.1.1.1 Nuclear Magnetic Resonance (NMR)

NMR is a spectroscopic technique that uses radio frequency to provide structural in-

formation about the molecule and the chemical environment of hydrogen or carbon

atoms depending on the technique used [346].

The theory of NMR is based on nuclei with an odd atomic number, these nuclei

have a nuclear spin. This nuclear spin is characterised by a nuclear spin quantum

number, known as "I" [347]. The spin of nuclei of different elements is individual

enough such that NMR experiments can be sensitive towards one particular isotope of

a specific element. Using this basis researchers have used the behaviour of 1H and 13C

to gain structural information of organic compounds [348]. Proton (1H) NMR is the

most commonly used form of NMR due to its sensitivity and the amount of structural

information that is generated [349].

A nucleus with an odd atomic number is considered to be a charged particle in
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motion. 1H and 13C have nuclear spins of I= 1⁄2 and behave similarly to that of a

tiny bar of magnet. When there is no magnetic field applied they are in a random

orientation. When a magnetic field is applied they can either align with or against the

magnetic field [348].

In presence of an external magnetic field two spins states can exist either +1⁄2

(aligned with the magnetic field) or -1⁄2 (aligned against the magnetic field). The en-

ergy difference between these two states is very small. The greater the strength of the

magnetic field the greater the energy difference. This energy difference is given as

frequency units (MHz) [350].

NMR data is not expressed as frequency as no two magnets will have exactly the

same magnetic field. This means the data generated between two different NMR ma-

chines will not be comparable unless it is normalised. To solve this problem all NMR

signals are relative to a reference signal from a standard compound, tetramethylsil-

ane (TMS). This generates a very sharp peak as it contains 12 hydrogens in the same

chemical environment, the normalised data is called chemical shift, with ppm as its

units [346].

Chemical shift is the position of signal along the x axis of an NMR spectrum.

The chemical shift indicates the structural environment of the protons producing the

signal, the intensity of each peak indicates the number of protons in the same chemical

environment [351]. The atoms surrounding a carbon can either shield or deshield the

protons from the magnetic field. Those protons that are shielded will resonate at a

higher frequency and so be expressed downward in the NMR specta. This provides

an idea of their chemical environment. The number of peaks, their position and their

intensity, provides information on the chemical structure of a molecule [352].

4.1.1.2 Gel Permeation Chromatography (GPC)

GPC is a method that allows for the separation, purification and analysis of a mixture of

substances based on their molecular size [353]. It allows for the molecular weight and

the molecular weight distribution of a polymer sample to be determined [354]. During
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GPC a polymer solution is passed through a chromatography column that is packed

with porous particles. The separation process takes place due to the penetration of

smaller molecules into the pores of the column packing material [354]. The smaller

molecules enter the pores within the column and the larger molecules are not able to

penetrate the pores so are eluted from the column more quickly. Therefore the pore

size of the beads within the column determines the separation [355].

The components that are eluted are detected by a number of methods; these results

are displayed in a graph. One such approach is to record the elution volume and then

convert this to elution time for ease of comparison. This data is then compared to a

calibration curve for the elution time of polymers of which the molecular weight is

known [355].

Static light scattering is another technique used to measure the molecular weight.

It utilises a relationship between the intensity of light scattered by a molecule and its

molecular size and weight. This ratio is based on the Rayleigh theory which states the

molecular weight of a molecule is proportional to the Rayleigh ratio of scattered light

[356].

Dn/dc also called the specific refractive index increments, is a measurement of how

the refractive index of a polymer solution changes with the concentration of solute

(polymer). It is important to measure dn/dc as it is a term required to calculate molar

mass [357]. If the concentrations of solutes are known the following equations are

used to calculate the Mw:

Kc/RΘ = 1/Mw + 1/Mw(16π2/3λ2)sin2(Θ/2)(< r > z)2 + A2c (4.1)

where c is polymer concentration; RΘ is the Rayleigh ratio at the angle Θ; Mw

is the weight averaged molecular weight; λ is the wavelength of light, Θ is the scatter

angle; rz the z-averaged mean radius of gyration and the A2 the second viral coefficient
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which quantifies the interaction between the polymer and the solvent [356, 358].

Kc = 2π2n2(dn/dc)2/N0λ
4 (4.2)

Where N0 is the Avogardo′s number; n is the refractive index of the solvent and

dn/dc is the refractive index increments of the solute the change in refractive index per

change in polymer concentration [356, 358].

4.1.2 Formulation Characterisation Methods

An ideal ratio of polymer to peptide has to be determined in order to prepare the op-

timum formulation. Having a greater ratio of polymer does not always help, as larger

ratios of polymer may lead to a reduction in encapsulation, protection and undesired

particle sizes [188, 359]. The size of a particle produced will also influence its biod-

istribution within the body [215, 360].

4.1.2.1 Dynamic Light Scattering (DLS)

The size of the nanoparticles formed is very crucial. Particle size influences a particle′s

physiochemical properties and a particle′s biodistribution in the body. After admin-

istration particle size helps determine particle destination, nanoparticles that are 150-

300 nm in size are generally found in the liver and spleen [360] while particles that are

30-150 nm in size are found in the bone barrow, heart, kidney and stomach [215].

Size can be measured by a number of techniques, such as DLS or nanoparticle

tracking analysis (NTA). In this work DLS was used. DLS utilises Brownian motion

and then correlates it to the size of particles; hence it requires particles to be suspended

within a liquid. The larger the particle the slower its Brownian motion. This is because

the smaller particles are moved further and more rapidly by solvent molecules [361].

Within the DLS, a laser beam is passed through the suspension of particles. As the

particles pass through the laser beam it becomes scattered, this causes variations of the

laser beam intensity at the detector over time. The variations in the intensity of the
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laser beam at the detector are used to calculate the particle size [362].

The size of a particle is calculated using the translation diffusion coefficient using

the Stokes-Einstein equation.

d(H) = kT/3πηD (4.3)

Where d(H) is hydrodynamic diameter; D is the translational diffusion coefficient;

k is the Boltzmann′s constant; T is absolute temperature and η is viscosity [361].

The measurement by the DLS of the particle size is called the hydrodynamic dia-

meter, which is defined as "the size of a hypothetical hard sphere that diffuses in the

same fashion as that of the particle being measured". Although this is difficult as nor-

mally particles are not fully spherical, are in dynamic motion and free in solution. The

diameter of the particle is calculated from the diffusional properties of the particle and

this provides an indication of the solvated particle in the medium, this is called the hy-

drodynamic diameter. Hydrodynamic diameter is also sometimes referred to as Stokes

diameter [363].
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4.2 Materials & Methods

4.2.1 Materials

Table 4.1: Materials used for formulation development of METx.

Materials Supplier

Acetic Acid (Glacial) Fisher

Amberlite IRA 140 Sigma-Aldrich

Amberlite IRA 96 Sigma-Aldrich

Bovine Serum Albumin Sigma-Aldrich

Chloroform Sigma-Aldrich

Dextrose Sigma-Aldrich

Dialysis Membrane Medicell

Diethyl Ether Sigma-Aldrich

Dimethyl sulfoxide Sigma-Aldrich

Dimethylformamide Ratburn

Ethanol (Abs) FIsher

Glycerol Fisher

Glycol Chitosan Wako

Hydrochloric Acid (32%) Fisher Scientific

METx Severn Biotech

Methyl Iodide Sigma-Aldrich

Milli-Q Water Merck Millipore

N-Methyl-2-pyrrolidone Sigma-Aldrich

Pepsin Sigma-Aldrich

Phosphate Buffer Saline Sigma-Aldrich

Palmitic acid N-hydroxysuccinimide Toronto Research Chemical Inc

Saline Severn Biotech

Sodium Acetate (anyhydrous) Sigma-Aldrich

Sodium Bicarbonate Sigma-Aldrich

Sodium carbonate Sigma-Aldrich
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Sodium chloride Sigma-Aldrich

Sodium Hydroxide Sigma-Aldrich

Sodium Iodide Sigma-Aldrich

Sodium Nitrate Sigma-Aldrich

Triethylamine Sigma-Aldrich
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4.2.2 Methods

4.2.2.1 Polymer Synthesis & Characterisation

Figure 4.1 shows an overview of the reactions performed to synthesis GCPQ from

GC and figure 4.2 shows the reaction of palmitoylation of GC using palmitic acid

N-hydroxysuccinimide.
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Figure 4.1: Flow diagram of GCPQ synthesis.
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4.2.2.1.1 Synthesis Method One

GCPQ was synthesised as previously described in [183, 182, 345]. This method

was used to produce the first batch of polymer (051212).

Acid Degradation of GC

GC (5g) was degraded by dissolving GC in HCl (4M, 380 mL) and placed in a pre-

heated water bath at 50°C for 48 hours. After 48 hours the reaction was stopped and

the product was isolated by dialysis. The dialysis was performed in a membrane with

a molecular weight cut off (MWCO) of 3.5 kDa against water (5 L) for 24 hours with 6
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water changes. Low molecular weight degraded glycol chitosan (dGC) was recovered

by freeze drying.

Palmitoylation of dGC

Palmitoyl glycol chitosan (PGC) was synthesised from dGC in the following manner.

A mixture of dGC (500 mg) and sodium bicarbonate (376 mg) was dissolved in a mix-

ture of absolute ethanol (EtOH, 24 mL) and double deionised milli-Q water (76mL) to

which a solution of palmitic acid N-hydroxysuccinimide (PNS, 792 mg) dissolved in

EtOH (150 mL) protected from light was added drop wise over 1 hour. The mixture

was protected from light and continuously stirred for 72 hours at room temperature.

The product was isolated by evaporating the EtOH using a rotary evaporator. The

remaining aqueous phase was extracted with diethyl ether (Et2O, 3 x100ml). The

aqueous mixture of polymer was exhaustively dialysed against water (5L) with 6

changes over 24 hours. The PGC was recovered by freeze drying to give white cotton

like solid.

Quaternisation of PGC

GCPQ was synthesised from PGC in the following manner. PGC (300 mg) was dis-

persed in N-Methyl-2-pyrrolidone (NMP, 25 mL) overnight for 16 hours at room tem-

perature. Sodium hydroxide (NaOH, 40 mg) dissolved in EtOH (4 mL), sodium iodide

(NaI, 45mg) and methyl iodide (MeI, 0.44 mL) were added and the reaction was stirred

under a stream of nitrogen at 36°C for 3 hours.

GCPQ was recovered by precipitation with excess Et2O and the solid product was

washed with copious amounts of Et2O. The resulting light brown solid was dissolved

in water and exhaustively dialysed against water (5 L) with 6 changes over a period

of 24 hours. The quaternary ammonium salt was then passed through a column of

Amberlite IRA 96 (5 g) resin that had been washed with HCl (150mL, 1 M) followed

by distilled water (10 L) until a neutral pH was obtained. The GCPQ was recovered

from the clear elute by freeze drying to give a fibrous solid.

120



4.2.2.1.2 Synthesis Method Two

The method described below was used to synthesise the remaining batches of poly-

mer. The acid degradation of GC remained the same and was followed as described

above in section 4.2.2.1.1. This method was used as it reduced polymer synthesis

time from 30 days to 10 days and used lower amount of chemicals, thereby saving

money in both resources and time [364]. This was due to a more efficient method of

palmitoylation of dGC.

Palmitoylation of dGC

PGC was synthesised from dGC in the following manner. dGC(1 g) was dissolved in

DMSO (30 ml) and triethylamine (Et3N, 1.15 ml) and left to stir for 2 hours. PNS (958

mg) was added to the dGC solution and left to stir protected from light for 16 hours at

room temperature.

PGC was recovered from the reaction by precipitating the reaction using acetone/Et2O

(150 ml, 1:2). The suspension was stirred gently and left to settle to obtain a precipit-

ate. The majority of the supernatant was syphoned off, the remaining precipitate was

washed 3 times with acetone and then 3 times with Et2O. The remaining product was

filtered using a glass sintered filter and left to dry under vacuum. The product was

recovered as a brown solid.

Quaternisation of PGC

GCPQ was synthesised from PGC in the following manner. PGC (1g) was dispersed

in NMP (82mL) overnight for 16 hours at room temperature. NaOH (135 mg) as a

fine powder was added to the reaction mixture and left to stir for 45 minutes. NaI (154

mg) was added to the reaction mixture and left to stir for 10 minutes under a stream of

nitrogen. MeI (1.5ml) was added to the reaction mixture and the reaction was stirred

under a stream of nitrogen at 36°C for 3 hours.

GCPQ was recovered by precipitation with excess Et2O and the solid product was
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washed with copious amounts of Et2O. The resulting light brown solid was dissolved

in MeOH and exhaustively dialysed against water (5 L) with 6 changes over a period

of 24 hours. The solution within the dialysis membrane was collected and stirred with

Amberlite IRA 140 (5 g) resin for 15 min at room temperature. The Amberlite was

filtered from GCPQ solution under vacuum using a Buchner funnel. The GCPQ was

recovered from the clear filtrate by freeze drying to give a fibrous solid.

Removal of iodide by the Amberlite mixture was confirmed using the nitrite test.

Sodium nitrite (200 mg) was dissolved in acetic acid (AcOH, 2.5%, 1 ml). GCPQ fil-

trate solution (1 ml) was added to cholorform (0.5ml). To the GCPQ biphasic mixture

the sodium nitrite solution was added. If the chloroform layer turned pink or violet this

indicated the polymer still contained iodide anions. If iodide was detected the GCPQ

Amberlite step was repeated and, the filtrate was retested using the nitrite test..

4.2.2.1.3 NMR Characterisation of Polymers

NMR analysis of the various products in polymer synthesis were carried out as pre-

viously described [182, 345]. In a vial, the respective polymer (10 mg) was dissolved

in a suitable solvent (0.7 mL). dGC dissolved in D2O, PGC in a mixture of MeOH-

d4, D2O, AcOH-d6 (40:20:5) and GCPQ in a mixture of MeOH-d4 and DCl (70:1).

Palmitoylation and quaternisation percentages were calculated from the spectrum by

taking the ratio of the respective peaks against sugar proton peaks. The equations for

these two calculations are shown below in equation 4.4 and 4.5.

Palmitoylation(%) =

δ methyl protons of palmitoyl
3 protons

δ sugar chain protons
9 protons

x100 (4.4)

Quaternisation(%) =

δ trimethyl protons of quaternary amine
9 protons

sugar chain protons
9 protons

x100 (4.5)
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4.2.2.1.4 Molecular Weight Characterisation of Polymer

The molecular weight of GCPQ was calculated as previously described [182, 183].

GPC experiments were performed using GPC multi angle laser light scattering (GPC-

MALLS). Measurements were performed using a DAWN HELEOS® II MALLS de-

tector (λ=658nm), optilab rEX interferometer refractometer (dRI) detector and a Quasi

Ecstatic Light scattering (QELS) detector (Wyatt Technology Corporation, USA). Filtered

samples of GCPQ (0.2 µm, 100 µL) were injected into a POLYSEPTM-GFC-P-400

column (300x7.8 mm, exclusion limit PEG=200 kDa) attached to POLYSEPTM-GFC-

P guard column (35x7.8 mm) (Phenomenex, UK) using a Waters 717 Plus auto sampler

(Wyatt Technology corporation, USA) with a flow rate of 0.7 ml min-1. The data was

analysed using Astra for windows (version 4.90.08) software.

A mixture of MeOH and acetate buffer (65:35) was used as the mobile phase.

Acetate buffer (500 mM, acetate buffer, pH4) was prepared by dissolving anhydrous

sodium acetate (24.6 g) and glacial acetic acid (11.4 mL, 17 M) in double deionised

water milli-Q water (1 L). The buffer was filtered using 0.2 µM PES filter (Millex-

HA, Millipore) before passing thought the GPC system. The MeOH was used to help

break up the self-aggregated GCPQ micelles in the aqueous media, helping to reduce

an overestimation of molecular weight.

The specific refractive index increment (dn/dc) was measured using an Optilab

DSP interferometer (Wyatt Technology Corporation, USA) set at a wavelength of 690

nm. Samples of GCPQ were prepared in their mobile phase as prepared above. Each

concentration of polymer was manually injected, the dn/dc was calculated using Astra

for windows (version 4.90.08) software.

For each polymer two samples were made; one to be used for the MALLS meas-

urement and one for the dn/dc measurement. For the MALLS measure a solution of

polymer (5 mg ml-1) was made using GCPQ in MeOH:acetate buffer, then filtered

through a PES filter (0.22 µm). For the dn/dc measurements a number of polymer

solutions ranging from 0.1 - 0.6 mg ml-1 were made; from which the refractive index

of the individual polymer concentration was measured.
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4.2.2.2 Formulation Development

Two different methods were used to develop a formulation for METx. The first in-

volved probe sonication of a mixture of METx and GCPQ, this is referred to as the

METx:GCPQ formulations. The second method involved using glycerol as a co-

solvent which is referred to as GCPQ (glycerol) method.

4.2.2.2.1 GCPQ Formulations

A mixture of GCPQ and METx (1 mg) dispersed in water (MilliQ, 1 mL) was

vortexed followed by probe sonication using a QSonica Sonicator with a micro tip

(Cole Parmer Instruments Co. Ltd, UK) for 15 minutes on ice, with a cycle of 5

minutes on and 3 minutes off. The instrument was set at 30% of its maximum output.

The weight of GCPQ was varied according to the drug:polymer ratio required.

4.2.2.2.2 GCPQ Glycerol Formulations

A mixture of GCPQ and METx (1 mg) was dispersed in glacial acetic acid (1mL,

17M) and vortexed. To this mixture glycerol solution (10%) was added to produce

final glycerol concentration (1%) and vortexed. This was followed by probe sonication

using a Qsonica Sonicator with a micro tip (Cole Parmer Instruments Co. Ltd, UK)

for 15 minutes on ice, with a cycle of 5 minutes on and 3 minutes off. The formulation

was frozen and freeze dried (Martin Christ Freeze Dryer, Germany). The cake was

the resuspended in dextrose (5%). The weight of GCPQ was varied according to the

drug:polymer ratio required.
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4.2.2.3 Formulation Characterisation

4.2.2.3.1 Transmission Electron Microscopy

TEM was performed by placement of a drop of the nanoparticle formulation on a

Formvar /carbon coated grid. Excess sample was blotted off with Whatman No. 1 filter

paper and the sample was negatively stained with uranyl acetate (1% w/v). Samples

were imaged using a CM120 BioTwin Transmission Electron Microscope (Philips,

USA). Images were captured using an AMT digital camera (Woburn, USA).

4.2.2.3.2 Nanoparticle Size

GCPQ and GCPQ (glycerol) formulations were prepared as described in section

4.2.2.2.1 and 4.2.2.2.2 respectively. Samples were left for 15 minutes to cool before

particle sizing was carried out using DLS and a Nanozetasizer ZS (Malvern Instru-

ments, UK) at 25°C, wavelength 633 nm and detection angle of 90°. Data was obtained

and analysed using Zeta Software (version 7.01 for windows) software.

4.2.2.3.3 Role of Glycerol

To understand the role of acetic acid, glycerol and GCPQ within the METx:GCPQ

(glycerol) formulation, the impact of each of the components was studied. Formula-

tions were made with either one or two of the components excluded. The first formula-

tions were made with either glycerol, GCPQ or acetic acid missing. Next formulations

were made with a combination of glycerol, GCPQ or acetic acid missing. Each control

formulation was analysed visually looking for the presence of precipitation.
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4.2.2.4 In Vitro Stability

4.2.2.4.1 Plasma Stability

Male Sprague Dawley rats (n=3) weighing 200-250 g (Charles-River, UK) were

habituated for 1 week before they were euthanised using an overdose of carbon diox-

ide. An incision was made through the abdominal wall and the sternum was cut open

to expose the heart. Slowly a needle was inserted into heart and the blood from the rat

was collected by negative pressure on the needle. Blood was collected in a vacutainer

coated with EDTA and kept on ice (4°C) until centrifugation. Plasma was obtained

as a supernatant after centrifugation of plasma for 10 min at 2000g and 4°C (Hermle

z323k refrigerated centrifuge, HERMLE Labortechnik, Germany). The separated rat

plasma was stored at -20 °C until required.

Before each plasma stability experiment the plasma was thawed just prior to the

experiment. Plasma was diluted to 30 or 10% (v/v) using saline NaCl (0.9%). METx

(7.2x10-4M, 50 µL) was suspended in diluted plasma (450 µL) that had been allowed

to warm for 30 minutes at 37°C.

GCPQ and GCPQ (glycerol) formulations were prepared as described in section

4.2.2.2.1 and 4.2.2.2.2 respectively. METx dissolved in DMSO was also prepared.

Each formulation or solution (50 µL) was suspended in diluted plasma (450 µL) at

37°C, and shaken at 130 rpm for a maximum of 4 hours.

At regular time intervals aliquots (50 µL) were removed and mixed with DMF (150

µL). The DMF helped to precipitate the plasma and the solvent used to dissolve the

nanoparticles allowing METx to be released for analysis. Samples were then imme-

diately vortexed and centrifuged for 10 minutes at 13,000 rpm (MSE micro centaur

centrifuge, MSE, UK). The supernatant (100 µL) was collected and 40 µL was ana-

lysed by reverse HPLC in section 2.3. Each formulation was tested in triplicate.
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4.2.2.4.2 Gastric Stability

Simulated gastric fluid (SGF) was prepared according to the British Pharmacopeia

[245]. SGF was prepared by dissolving sodium chloride (NaCl, 2 g) and pepsin (3.2 g)

in double deionised milliQ water, after which HCl (1M, 80 mL) was added and made

up to 1000mL (pH1.2). METx (1.8x10-4M, 100 µL) was suspended in SGF (900 µL)

that had been allowed to warm for 15 minutes at 37°C.

METx:GCPQ formulations were prepared as described in section 4.2.2.2.1. METx

dissolved in DMF was also prepared, by dissolving METx in DMF followed by vortex-

ing. Each formulation or solution (100 µL) was suspended in SGF (900 µL) at 37°C,

and shaken at 130 rpm for a maximum of 2 hours.

At regular time intervals aliquots (100 µL) were removed and mixed with sodium

carbonate (2M, 10 µL) to stop digestion and DMF (100 µL) was added to destroy

the nanoparticles and solubilise METx. The same amount of peptide was added to

a mixture of sodium carbonate (2M): SGF (1:10) to serve as control. DMF samples

were centrifuged for 10 minutes at 13,000rpm. The supernatant (100 µL) was collected

and analysed by HPLC as described in section 2.3. Each formulation was tested in

triplicate.

4.2.2.4.3 Intestinal Stability

Intestinal stability was tested using rat intestinal wash (RIW). Male Sprague Daw-

ley rats (n=3) weighing 200-250 g (Charles-River, UK) were habituated for 1 week

and fasted for 16 hours before they were euthanised using an overdose of carbon di-

oxide. An abdominal incision was made to expose the intestine and around 30 cm of

the intestine was removed starting from the duodenum. The lumen of each intestine

segment was immediately flushed with ice cold PBS buffer (10 mL, 50mM, pH 6.6).

The washings from all the intestinal segments were pooled and centrifuged at 4,000

rpm for 20 minutes at 4°C immediately using Hermle z323k refrigerated centrifuge

(HERMLE Labortechnik, Germany). The supernatant was stored at -20°C until used.
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The protein content of RIW was determined using the Bradford Assay [365] and

diluted to 40 µg mL-1 total protein using PBS. BSA was used as the standard. The

calibration curve was produced for the range of 0.1-1.4 mg ml-1 and measured at

595nm using the UV Shimadzu (Shimadzu Corporation, Japan). METx (1.8x10-4M,

150 µL) was suspended in diluted RIW (1350uL, diluted to 40 µg ml-1 total protein)

that has been allowed to warm for 15 minutes at 37°C.

GCPQ formulations were prepared as described in section 4.2.2.2.1. METx dis-

solved in DMF was also prepared, by dissolving METx in DMF. Each formulation or

solution (150 µL) was suspended in RIW (1350uL) at 37 °C, and shaken at 130 rpm

for a maximum of 4 hours.

At regular time intervals aliquots (150 µL) were removed and mixed with glacial

acetic acid (17M, 10 µL) to stop digestion and DMF (150 µL) was added to solubilise

the peptide and destroy the nanoparticles allowing METx to be released for analysis.

The DMF samples were centrifuged for 10 minutes at 13,000 rpm. The same amount

of peptide was added to a mixture of acetic acid (17M): RIW (1:15) to serve as a

control. The supernatant (100 µL) was collected and analysed by HPLC as described

in section 2.3. Each formulation was tested in triplicate.

4.2.2.4.4 Shelf Life Stability

Formulations were prepared using the METx:GCPQ (glycerol) method as described

in section 4.2.2.2.2. A bulk volume of the formulation was prepared and aliquoted into

individual vials. The individual vials were freeze dried at the same time and resuspen-

ded on the the given days. On the day of testing; the aliquot was resuspended in

dextrose (5%). The freeze dried cakes were stored at room temperature and in the

fridge (4°C) and on days 1, 2, 4, 8 and 14 were resuspended in dextrose (5%). The

formulation was analysed by HPLC and DLS for drug content and size respectively.
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4.2.2.4.5 Statistical Analysis

For comparing the means of different groups, one-way ANOVA test (IBM SPSS)

with a Bonferroni′s post hoc test (IBM SPSS) was performed. In each case, for the

results to be considered as significantly different, a p-value of less than 0.05 was set.

The Student’s t test was used to assess any statistical significant differences among the

means of two groups.
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4.3 Results

4.3.1 Polymer Synthesis

4.3.1.1 NMR

4.3.1.1.1 Degradation of GC

GC was degraded for 48 hours at 50°C in HCl, dGC was characterised by NMR

in D2O. The NMR spectrum is shown in figure 4.3. The NMR peaks of dGC was

assigned as previously described in [182, 345], the assignments are shown in table 4.3.

The NMR spectrum for dGC is shown in figure 4.3.

Table 4.3: Chemical shift assignment of dGC NMR.

δ (ppm) Chemical Environment
1.9 CH3-CO-NH-, acetylated glycol chitosan
2.9 -CH-CH-NH-CO-, glycol chitosan

3.5-4.5 -CH(OH)- and -CH2-OH, glycol chitosan
4.7 water
5.3 O-CH-O anomeric proton
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4.3.1.1.2 Palmitoylation of dGC

dGC was palmitoylated using PNS. PNS is an activated ester of palmitic acid, that

is able to react with the amine group of glycol chitosan more easily than palmitic acid

alone. PGC was characterised using NMR with a mixture of MeOH-d4, D2O and

AcOD (40:20:5). The NMR spectrum for PGC is shown in figure 4.4. The assignment

of the NMR peaks is shown in table 4.4.

Table 4.4: Chemical shift assignment of PGC NMR.

δ (ppm) Chemical Environment
0.9 CH3-(CH2)14-CO-, palmitoyl
1.4 CH3-(CH2)12-CH2-CH2-CO-, palmitoyl
1.6 CH3-(CH2)12-CH2-CH2-CO-, palmitoyl
2.0 Acetic Acid
2.4 CH3-CO-NH-, acetylated glycol chitosan
3.1 -CH-CH-NH-CO-, glycol chitosan
3.3 Methanol

3.5-4.5 -CH(OH)-, glycol chitosan
-CH2-OH, glycol chitosan

5.1 water
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4.3.1.1.3 Methylation of PGC

PGC was methylated using MeI. The GCPQ was characterised using NMR and

GPC. GCPQ was characterised using NMR in CD3OD and DCl (70:1). Figure 4.5

shows a NMR of GCPQ, table 4.5 shows the peak assignments of the NMR. Using

NMR the palmitoylation percentage (P%) and quaternization percentage (Q%) were

calculated using equation 4.4 and 4.5 respectively, these are reported in table 4.6.

Table 4.5: Chemical shift assignment of GCPQ NMR.

δ (ppm) Chemical Environment
0.9 CH3-(CH2)14-CO-, palmitoyl
1.4 CH3-(CH2)12-CH2-CH2-CO-, palmitoyl
1.6 CH3-(CH2)12-CH2-CH2-CO-, palmitoyl
2.4 CH3-CO-NH-, acetylated glycol chitosan
2.9 -CH-CH-NH-CO-, glycol chitosan

3.0-3.2 -CH-CH-NH-CH3
-CH-CH-N(CH3)2

3.3 Methanol
3.4 CH-CH-N(CH3)3

3.5-4.5 -CH(OH)-, glycol chitosan
-CH2-OH, glycol chitosan

5.7 Water
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4.3.1.1.4 GPC

The molecular weight and polydispersity (PDI) of GCPQ was measured using size

exclusion chromatography. A mixture of MeOH:acetate buffer (65:35) was used to

ensure the measured molecular weight was of the polymer itself and not micelles.

The molecular weights for each of the GCPQs are shown in table 4.6. The average

molecular weight was 8.4KDa with a PDI of 1.12.

4.3.1.1.5 Summary of GCPQ

Various batches of GCPQ were synthesised and analysed using 1H NMR and GPC.

The molecular weight, PDI of molecular weight, palmitoylation and quarternisation of

each batch of GCPQ is shown in table 4.6. The average molecular weight of the

GCPQ was 10.1 kDa with a PDI of 1.14. The average palmitoylation was 21% and

the average percentage of quaternization was 11%. Batch 051212 was made using the

first method of GCPQ synthesis, the remainder of the GCPQ batches were made using

the second method of GCPQ synthesis. Table 4.6 also shows the palmitoylation and

quaternization of each batch of GCPQ. There is a wide range in the Mw ranging from

6.2-18.6 kDa, however the PDI remains close to 1.

Table 4.6: Molecular weights of GCPQ measured by GPC.

Batch Molecular Weight (KDa) Palmitoylation Quaternization

Mw Mn Mw/Mn (%) (%)
Synthesis Method 1

051212 7.12 7.01 1.004 25.4 11.6
Synthesis Method 2

121114 6.20 5.59 1.109 19.9 13.1
210115 11.87 9.21 1.289 18.0 12.9
150615 7.19 6.29 1.143 21.5 9.4
090315 18.6 14.8 1.257 18.7 11.7
050815 9.60 9.23 1.040 20.7 9.5
Average 10.10 8.70 1.14 20.7 11.3

SD 4.25 3.05 0.10 2.4 1.5
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4.3.2 Formulation Development

Formulations were made using two methods. The first method was probe sonication

of METx and GCPQ suspended in water. The second method used glycerol as a co-

solvent. Both formulations were analysed using DLS and TEM for size and tested for

stability.

4.3.2.1 METx:GCPQ Formulations

4.3.2.1.1 Transmission Electron Microscopy Images

Morphological characterisation of the different METx:GCPQ formulations was

performed using TEM. Each of the different formulations were viewed from two dif-

ferent magnifications. Each of the formulations was freshly prepared prior to TEM

imaging and stained few min before imaging.

Figure 4.6: Negatively stained TEM images of METx:GCPQ (1:4), white arrows point to
fibrous structures, (GCPQ batch: 051212 METx concentration 1mg ml-1).

TEM images of METx suspended and probe sonicated in water are show in figure

2.3. Introduction of GCPQ to METx results in a decreased amount of fibrous structures

being seen and generation of micelles, this can be seen in figure 4.6 to 4.8. All the

formulations produced micelles that were within the nanometer size, these micelles
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F BA

Figure 4.7: Negatively stained TEM images of METx:GCPQ (1:5),white arrows point to
fibrous structures, (GCPQ batch: 051212. METx concentration 1mg ml-1).

Figure 4.8: Negatively stained TEM images of METx:GCPQ (1:10) (GCPQ batch: 051212,
METx concentration 1mg ml-1).

had a spherical shape. It can be seen that as the concentration of GCPQ increases the

presence of fibres decreases, the presences of fibrous material is shown by areas in

figure 4.6 and 4.7. In figure 4.6 and 4.7, METx:GCPQ (1:4) and (1:5) respectively it

can be seen that the size and amount of these fibrous structures is decreasing. Whereas

in the lower magnification image of METx:GCPQ (1:10), figure 4.8, there is almost

no presence of the fibrous structures. This suggests that GCPQ encapsulates METx,

taking it into the hydrophobic core created by the palmitoyl branches of GCPQ in the

GCPQ micelles.
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4.3.2.1.2 Nanoparticle Size

Freshly prepared METx:GCPQ formulations were measured using DLS the size

by intensity distribution is shown in in figure 4.9 and table 4.7 and 4.8.
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Figure 4.9: DLS intensity distribution graph of METx:GCPQ formulations, (GCPQ batch:
051212, METx concentration 1mg ml-1).

Table 4.7: DLS Peak Size and Population of METx:GCPQ formulations, (GCPQ batch:
051212, METx concentration 1mg ml-1).

Formulation Peak Size Population

Peak 1 Peak 2

Size (nm) Population (%) Size (nm) Population (%)
1:4 410.0 96.6 5055 3.1
1:5 373. 2 96.3 5079 3.7

1:10 363.0 97.3 76.9 2.3

Table 4.8: DLS Z-average, PDI and volume mean sizes of METx:GCPQ formulations,
(GCPQ batch: 051212, METx concentration 1mg ml-1).

METx:GCPQ Z-average (nm) PDI Volume mean (nm)
Formulation (± SD) (± SD) (± SD)

1:4 323.5 (13.25) 0.36 (0.04) 941.3 (148)
1:5 333.6 (5.82) 0.36 (0.03) 890.8 (141)

1:10 416.7 (7.03) 0.43 (0.04) 357.6 (24)
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The DLS size by intensity of each of the METx:GCPQ formulations is shown in

figure 4.9, from which it can be seen that each ratio of MET:GCPQ produced particles

within the nanometer range. However, all of the formulations except MET:GCPQ

(1:10) also had particles above the nanometer range up to 10 micron in size. When

comparing the population percentage sizes of each formulation from table 4.7, it can

be seen that majority of particles from each formulation are in the nanometer range.

Over 95% of particles are in the nanometer range. The point of each peak is very

similar to each other range from 360 to 410 nm. The ratio METx:GCPQ (1:10) shows

no particles within the micron range, however has a small percent of it’s population

in the sub 100 nm range. As the ratio of GCPQ increases the z-average size of the

particles increases as well, however the PDI stay close to the same. When comparing

the volume size of the formulations there is a trend of decreasing size by volume.

4.3.2.1.3 METx:GCPQ (Glycerol) Formulations

METx:GCPQ formulations were prepared by dissolving METx and GCPQ in acetic

acid and glycerol. The acetic acid was removed by lyophilisation and the cake was re-

constituted in dextrose (5%).

TEM Images

Morphological characterisation of the different METx:GCPQ (glycerol) formulations

was performed using TEM. Each of the different formulations were viewed from two

different magnifications. Each of the formulations was freshly reconstituted prior to

TEM imaging and stained few min before imaging.

The TEM images of METx:GCPQ (glycerol) formulations are shown in figure

4.10 to 4.12. METx:GCPQ (glycerol) formulations were prepared with three different

ratios of METx:GCPQ 1:1, 1:5 and 1:10. As the ratio of GCPQ increased the presence

of fibrous like structures was reduced, however they did not completely disappear as

they could still be seen in figure 4.12B, METx:GCPQ (glycerol) (1:10). The micelles

that were generated had a size of between 10-50nm and were spherical in shape.
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A B

Figure 4.10: Negatively stained TEM images of METx:GCPQ (Glycerol) (1:1), white arrows
show presence of fibrous material, (GCPQ batch: 210115, METx concentration 1mg ml-1).

BA

Figure 4.11: Negatively stained TEM images of METx:GCPQ (Glycerol) (1:5), white arrows
show presence of fibrous material, (GCPQ batch: 210115, METx concentration 1mg ml-1).

A B

Figure 4.12: Negatively stained TEM images of METx:GCPQ (Glycerol) (1:10), white
arrows show presence of fibrous material, (GCPQ batch: 210115, METx concentration 1mg
ml-1).
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Nanoparticle Size

Freshly reconstituted METx:GCPQ (glycerol) formulations were measured using DLS

the size by intensity distribution is show in in figure 4.13
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Figure 4.13: r METx:GCPQ (glycerol) formulations, (GCPQ batch: 210115, METx
concentration 1mg ml-1).

Table 4.9: DLS Peak Sizes and Population Percent of METx:GCPQ (glycerol) formulations,
(GCPQ batch: 210115, METx concentration 1mg ml-1).

Formulation Peak Size Population

Peak 1 Peak 2 Peak 3

Size (nm) Pop. (%) Size (nm) Pop. (%) Size (nm) Pop. (%)
1:1 1231 80.2 193.7 10.9 4846 6.6
1:5 703.4 94.0 4755 6
1:5 682.1 83 134.6 10.3 5031 5.1

The DLS size by intensity of each of the METx:GCPQ (glycerol) formulations is

shown in figure 4.13 and the population percentage of particles under each peak is

shown in 4.9, with the z-average, PDI and volume mean shown in table 4.10. Each

ratio of METx:GCPQ (glycerol) produced particles within the nanometer range. How-

ever, all of the formulations also had a large ratio of particles above the nanometer

range seen in figure 4.13. The increase in ratio of GCPQ from (1:1) to (1:5) shifted

the distribution to the left, towards the nanometer range, however both (1:5) and (1:10)
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Table 4.10: DLS Z-average and PDI of METx:GCPQ (glycerol) formulations, (GCPQ batch:
210115, METx concentration 1mg ml-1).

METx:GCPQ Z-average (nm) PDI Volume mean (nm)
Formulation (± SD) (± SD) (± SD)

1:1 793.6 (137) 0.58 (0.11) 1236 (449)
1:5 394.6 (68.9) 0.53 (0.13) 887.9 (3633)

1:10 507.8 (170) 0.63 (0.04) 759.5 (245)

formulations still showed some particles above the nanometer range. All three formu-

lations showed a second smaller peak in the micron range, this did not change with an

increase of GCPQ, this could be the aggregation of micelles. All the METx:GPCPQ

(glycerol) formulations has similar PDI values between 0.58- 0.63.

Role of Glycerol

To help understand the role of glycerol in the METx:GCPQ (glycerol) formulations,

METx:GCPQ (glycerol) formulations were prepared with either one or two of the

components missing. The components of the formulation were GCPQ, AcOH and

glycerol.

Table 4.11: Results of role of glycerol study.

Combination Result
METx + AcOH + Glycerol Clear
METx + GCPQ + Glycerol White suspension
METx + GCPQ + AcOH Hazy suspension

METx+ GPCQ White suspension
METx + AcOH Hazy suspension

METx + Glycerol Suspension with precipitates
METx + AcOH redissolved after freeze dry Hazy Suspension

Out of all the different combinations only METx:AcOH:glycerol produced a clear

dispersion (shown in figure 4.14). METx:AcOH did not result in a clear dispersion

which meant that AcOH was not able to disperse METx on its own. All the other

combinations did not result in a clear dispersions. This suggested that glycerol was

vital due to its ability to help disperse METx in AcOH. This suggests that glycerol
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in this formulation is acting as co-solvent assisting in the solvation of a hydrophobic

solute [366]. To confirm if AcOH was creating a acetate salt of METx, AcOH was

removed by freeze drying and reconstituted in water. This produced a hazy suspension.

This suggests that AcOH and glycerol work in a co-solvent system rather than the

formation of an acetate salt of METx.
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METx:GCPQ
Glycerol (1%) 
Dextose (5%)

Control 
Formulation

METx,
AcOH, 

Glycerol 
(1%)

METx,
GCPQ, 

Glycerol 
(1%)

METx,
AcOH
GCPQ

METx,
GCPQ

METx,
AcOH

METx,
Glycerol 

(1%)

METx, ACoH
Glycerol (1%)

After 
Resuspension

Figure 4.14: METx:GCPQ (glycerol) formulations prepared with either GCPQ, AcOH or
glycerol omitted.
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4.3.3 Stability Studies

4.3.3.1 Plasma Stability

Plasma stability studies were performed in plasma diluted to 30% with saline (0.9%).

Plasma was diluted to help provide a slower break down such that it could be studied

[183], this would allow for formulations to more deeply studied for their ability to

protect METx. For METx:GCPQ (glycerol) formulations stability studies were also

performed in 10% plasma as to provide a slower breakdown to generate a more clear

ranking.

4.3.3.1.1 METx:GCPQ Formulations

*#"
*#"

*#

*#

*#*#*#

*
*

Figure 4.15: Stability of METx:GCPQ formulations (1:4), (1:5) and (1:7) in rat plasma
(30%), (final METx concentration 100mcg ml-1, GCPQ:051212). *= significant difference vs
METx, #= significant difference vs METx:GCPQ (1:4), ”=significant difference vs
METx:GCPQ (1:7); p<0.05.

All the METx:GCPQ formulations degraded over the 4 hour period, each reach-

ing complete degradation over the four period. The ratio METx:GCPQ (1:5) was

found to be the most stable, with the presence of METx for the longest period of

time. METx:GCPQ (1:5) was found to be significantly different to METx at all time
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points except 4hr compared to METx alone. METx:GCPQ (1:5) was also significantly

better than METx:GCPQ (1:7) at 1 and 5 min. METx:GCPQ (1:7) was the second

most stable formulation. However, METx:GCPQ (1:4) degraded faster than METx

alone, this could be attributed to the fact that this lower amount of GCPQ may not

have encapsulated enough METx, but enhanced the solubility of METx which meant

the degradation of METx:GCPQ (1:4) was quicker than METx alone.

4.3.3.1.2 METx:GCPQ (Glycerol) Formulations

Plasma (30%)

* # " 
* # " 

* # " 

# " 
* # " 

# " 

Figure 4.16: Stability of METx:GCPQ (glycerol) formulations (1:1), (1:5) and (1:10) in rat
plasma (30%), (final concentration of METx 100mcg ml-1, GCPQ:150615). *= significant
difference vs METx,#= significant difference vs METx:GCPQ (1:1), ”=significant difference
vs METx:GCPQ (1:10); p<0.05.

All the METx:GCPQ (glycerol) formulations degraded over the 4 hour period,

none of the formulations reached complete degradation, with METx still being seen
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after 4 hours of degradation. The ratio METx:GCPQ (1:5) was found to be the most

stable, with the largest presence of METx at all the time points over 4 hours. METx:GCPQ

(1:5) was found to have significantly more METx at all the time points compared to

METx alone. METx:GCPQ (glycerol) (1:5) was also significantly better than METx:GCPQ

(glycerol) (1:1) and (1:10) at all the times over 4hr. It was not possible to tell which

was the second most stable as both METx:GCPQ (glycerol) (1:1) and (1:10) reached a

similar percent of breakdown from 30 mins to 4 hours. To further help this ranking the

area under curve was calculated of each formulation curve. The area under the curve

was calculated to 2817 and 2819 for METx:GCPQ (glycerol) 1:1 and 1:5 respectively.

As the difference in area is very small to help determine the second most stable gly-

cerol formulation, all the formulations stability was also determined in plasma (10%).

Plasma (10%)

*
*
* *

*

*
**

Figure 4.17: Stability of METx:GCPQ (glycerol) formulations (1:1), (1:5) and (1:10) in rat
plasma (10%) (final concentration of METx 100mcg ml-1, GCPQ:150615). *= significant
difference vs METx,#= significant difference vs METx:GCPQ (1:1), ”=significant difference
vs METx:GCPQ (1:10); p<0.05.
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METx:GCPQ (glycerol) formulation stability was tested in plasma (10%) to help

determine a ranking for which formulations were the most stable in plasma. METx

and all the formulations degraded over the 4 hour period, however none reached com-

plete degradation. The ratio of METx:GCPQ (glycerol) (1:1) and (1:5) was found

to be the most stable, however neither was significantly more stable than the other.

METx:GCPQ glycerol (1:10) was more stable than METx alone, with significant dif-

ference at time points 1 and 5 minutes. METx (1:1) and METx (1:5) were not sig-

nificantly different to each other at any time points. The stability study in plasma

(10%) did not help to provide a better rank as no formulation was able to provide a

statistically better protection in plasma. As METx:GCPQ (glycerol) 1:1 and 1:5 pro-

duced similar stability the area under the curve was calculated for each formulation.

The area under the curves were 4741 and 4588 for METx:GCPQ (glycerol) (1:1) and

(1:5) respectively. Combining the area under the curve and the number of points that

METx:GCPQ (1:1) and (1:5) are significantly different to METx, it can be suggested

that METx:GCPQ (1:1) is the more stable formulation in plasma (10%), it has the

higher area under the curve. However both of these have the same number of signific-

antly different time points.
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4.3.3.1.3 Gastric Stability

* #
* #

*
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Figure 4.18: Stability of METx:GCPQ formulations (1:4), (1:5) and (1:10) in SGF (final
concentration of METx 25mcg ml-1, GCPQ:051212).*= significant difference vs METx,#=
significant difference vs METx:GCPQ (1:10); p<0.05.

All the peptide formulations degraded over the 2 hour time period. A ratio of

METx:GCPQ (1:5) was found to be the least prone to degradation. GCPQ improved

the stability of METx over the 2 hours. A greater amount of METx was recovered

from METx:GCPQ 1:10 (30%), METx:GCPQ 1:5 (62%) and METx:GCPQ 1:4 (45%)

compared to METx alone (18.2%) after 2 hours. The stability difference between

MET:GCPQ (1:5) was significant compared to METx and METx:GCPQ (1:10) at

times points 15, 40, 90 and 120 minutes. METx:GCPQ (1:4) was significantly different

to METx:GCPQ (1:10) at 15, 40 and 90 minutes. The formulation METx:GCPQ 1:10

protected METx better than METx alone over 2 hours and was significantly different

at 15 and 90 minutes. METx:GCPQ (1:4) and (1:5) formulations have a similarly best

stability in SGF.
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4.3.3.1.4 Intestinal Stability

* * * * **
*

*
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* * * *

*

Figure 4.19: Stability of METx:GCPQ formulations (1:5) and (1:10) in RIW (final
concentration of METx 25mcg ml-1 GCPQ:051212), *= significant difference vs METx,#=
significant difference vs METx:GCPQ (1:100); p<0.05

All the peptide formulations degraded over the 4 hour time span. The presence

of GCPQ improved the stability of METx over the 4 hours. METx in the absence of

GCPQ was degraded to below detection within 5 minutes. A greater amount of METx

was recovered from METx:GCPQ 1:10 (49.86%) and METx:GCPQ 1:5 (55.7%) com-

pared to unencapsulated METx which was undetectable after 5 minutes. The differ-

ence between those formulations containing GCPQ was significantly better at all the

time points 1 and 5 minutes unencapsulated METx. The two METx:GCPQ formula-

tions were not significantly different from each other over the 4 hours except at the 1

minute time point.
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4.3.3.1.5 Shelf Life Study

*

Figure 4.20: Peptide content of METx:GCPQ (glycerol) (1:5) stored at room temperature and
at 4°C (GCPQ:050815), *= significant difference vs day 0; p<0.05.

Figure 4.21: Nanoparticle size of METx:GCPQ (glycerol) (1:5) stored at room temperature
and at 4°C, (GCPQ:050815).

METx:GCPQ (glycerol) (1:5) was studied for its stability properties, to understand

the stability of the freeze dried product. Individual aliquots of formulation were either

152



stored at room temperature or at 4°C (fridge). Upon reconstitution peptide content by

HPLC and size by DLS was determined.

METx started to degrade within 2 days of being stored at room temperature, how-

ever the formulation stored in the fridge resulted in a similar peptide content over the

two week period. The degradation of METx stored at room temperature was signific-

ant at day 8. The nanoparticle size of the formulation stored in both conditions did

not change over the one week at room temperature and two weeks in at 4°C. The ali-

quots stored in the fridge at day 4 showed a drop in particle size, this drop was not

significantly different to day 0.
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4.4 Discussion

Chitosan, its derivative and modifications have been studied for more than 20 years to

aid drug delivery resulting in more efficient drug delivery systems [338]. Chitosan has

been modified by a number of methods in order to improve its drug delivery properties

[367].

One of the greatest limitations of chitosan is that it is only soluble in acidic aqueous

solutions, below pH 6.5 [337], meaning it will not be soluble everywhere within the

body. GC is a chitosan derivative conjugated with ethylene glycol at the C6 position.

The hydrophilic ethylene glycol substitution helps to increase the solubility at neutral

and acidic pHs [344].

Modifications of GC help to produce an amphiphile [182]. The conjugation of

hydrophobic moieties to GC help to create an amphiphile, which can form micelles

at concentrations above the CMC. Common hydrophobic moieties include stearoyl,

palmitoyl and octanoyl groups for chitosan based micelles [368, 369]. Within GCPQ

palmitoyl (C16) have been used as the hydrophobic moieties. The level of palmitoyla-

tion achieved was 21 (2.74) % mol. A second modification was used to increase the

polarity of the hydrophilic head group. Trimethylation of the PGC helps to aid its water

solubility, as PGC is insoluble in water whereas GCPQ is soluble in water, an average

quaternisation of 11 (1.74)% mol was achieved. The average molecular weight was

10.10(4.25) kDa with a PDI of 1.14(0.10). The PDI is very low, this is probably due to

the multiple dialysis steps which help to remove the smaller chains, that may have been

degraded too much. A value of 0.89-1.15 is regarded as good polymer homogeneity

by the USP [370].

Comparing the two different methods used to synthesise GCPQ, the first method

required a period of 30 days, where as the second method meant a larger amount

of GCPQ could be synthesised in a shorter period of time, around 10 days [364].

The greatest change took place in the palmitoylation reaction, where the solvent was

changed from EtOH to DMSO. The overall quaternisation reaction remains the same

as developed by Domard et al. [371].
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In order for a therapeutic agent to have an effect it is required to reach the site of ac-

tion intact, for this it needs to be protected while being delivered and whilst travelling

around in the systemic circulation. Two methods were used to make a formulation, one

was probe sonicating METx and GCPQ and the other used glycerol as a co-solvent to

create a METx:GCPQ solution.

To understand the role of glycerol in the METx:GCPQ (glycerol) formulation a

study where each of the individual component′s effect could be further understood.

Formulations were made where one or two of the components were omitted. Figure

4.14 and table 4.11 show a picture and the appearance of each of these formulations.

METx:AcOH:glycerol was the only formulation to produce a clear dispersion. As

METx:AcOH was not a clear dispersion this suggests that glycerol is the key compon-

ent to produce a clear dispersion, this suggests that glycerol acts a co-solvent within

the medium. Glycerol is used within the pharmaceutical industry for a variety of for-

mulations; oral, ophthalmic, topical, and parenteral preparations. It can be used as

a preservative, emollient, gel vehicle, plasticiser, solvent and sweetening agent [372].

Co-solvents work by reducing the interfacial tension between the aqueous solution and

hydrophobic solute [373]. Glycerol has been used a co-solvent in injectable formula-

tions of dihydroergotamine and idarubicin, oral formulations of nifedipine, lopinavir

and ritonavir (Kalerta) and etopside [374].

TEM and DLS nanoparticle size were used to help characterise each formulation.

TEM is a technique that allows for the morphology of the formulation to be examined.

Any peptide that may not be encapsulated can also be seen. TEM pictures of the

METx:GCPQ formulations are shown in figure 4.6 to 4.8 and the TEM pictures of

MET:GCPQ (glycerol) formulations are show in figure 4.10 to 4.12. In the TEM of

both formulation techniques, it can be seen that as the ratio of GCPQ increases the

amount of fibrous structures starts to decrease. METx due to its hydrophobicity is

presumed to be encapsulated inside of the GCPQ core. This can be suggested by to

the absence of METx fibrous structures in the TEM images of METx:GCPQ (1:10)

and the presence of less fibrous structures in the METx:GCPQ (1:5) compared to

METx:GCPQ (1:4). The TEM images of METx:GCPQ (glycerol) do not show a sim-

ilar trend with the presence of some fibrous material throughout all of the ratios of
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METx:GCPQ.

The nanoparticle size distribution was measured by DLS. DLS can help to as-

certain the overall range of sizes of the nanoparticle population and the PDI of the

formulations. The size is a very important factor in any formulation; the size helps

to determine which part of the body the formulation will travel to if the particle is

absorbed [215, 360]. The size of the formulation was measured three times with a 15

second space between each measurement. This allows for any sedimentation or ag-

gregation phenomenon to be taken into account. The METx:GCPQ and METx:GCPQ

(glycerol) formulation′s PDI did not change much with an increase in GCPQ ratio, a

change of 0.07 and 0.05. from the lowest to highest ratio respectively.

Figure 4.9, table 4.7 and 4.8 show the DLS population and values of METx:GCPQ

formulations. The z-average size and PDI does not change largely through the for-

mulations, however the size by volume measurement decreases. When comparing the

peak size population, more than 95% of the population of particles are found in the

nanometer range within the main peak, with a small in the micron size range.

The DLS data of METx:GCPQ (glycerol) formulations is shown in figure 4.13,

table 4.9 and 4.10. The z-average does not show a trend and the PDI value remain

similar at 0.53-0.63. The size volume decreases at the ratio of GCPQ increases in the

METx:GCPQ (glycerol) formulations. When comparing the peak size populations,

METx:GCPQ (1:1) glycerol and METx:GCP (1:10) glycerol formulations have two

populations within the nanometer range where as METx:GCPQ (1:5) glycerol formu-

lation has one main population. All of the METx:GCPQ (glycerol) have the majority

of their particle population, more than 90%, within the nanometer range, with a small

percentage in the micron range.

The data from TEM and DLS do not provide the same answers, as TEM suggests

the nanoparticles have a smaller size than those shown in DLS. The TEM also suggests

that the nanoparticles would be less than 100nm and all have a similar size, whereas the

DLS suggest that particles formed have a wide distribution from 100 to 1000nm. The

results for DLS and TEM are similar to others that have reported lowering size values

from TEM compared to those of DLS [375, 376]. Previously GCPQ has been used to

156



deliver TPLENK, a hydrophobic peptide, formed similar sized micelles 200-500nm in

size [139].

Both TEM and DLS use different techniques to measure the size; the data from

both techniques has to be combined in order to form conclusions. The increased size

of the data from the DLS could be due to aggregation and being present with a medium.

DLS uses the Rayleigh theory to calculate hydrodynamic diameter, this assumes that

the particles are completely spherical. This may not be entirely true. The volume size

mean is calculated with 4 assumptions; all particles are spherical, all particles are ho-

mogenous, optical properties of the particles are known and there is no error in intens-

ity distribution [363]. However, all of the METx:GCPQ and METx:GCPQ (glycerol)

formulations particles are not homogenous as they have more than one population or

a wide distribution, which means they infringe one of the assumptions, which means

the volume mean values may be incorrect. TEM involves a process of applying a dye

and drying which could affect the way the nanoparticles behave. Domingos et al. have

studied DLS, TEM, atomic force microscopy (AFM), fluorescence correlation spec-

troscopy (FCS) and NTA to determine which technique is the most robust and reliable.

They reported each technique has both its advantages and disadvantages andthat no

single technique could be relied upon. In order to make conclusions all the techniques

were required [377].

One of the biggest challenges in peptide drug development has been its stability

in biological matrices. Peptides are susceptible to breakdown by proteases and pep-

tidases due to peptide bonds [378]. A number of methods have been created one of

which is encapsulating the peptide inside polymeric nanoparticles [379]. GCPQ is an

amphiphilic polymer that forms micelles in water with a hydrophobic core. GCPQ has

been found to help deliver a number of peptides orally that without encapsulation are

rapidly degraded [139] or have unpredictable bioavailability [182].

Plasma stability of METx was tested by incubating METx in plasma diluted to 10

and 30% with saline (0.9%). Plasma was diluted to slow down degradation so that

it can be measured [139]. METx was found to reach complete degradation within

60 minutes in plasma (30%). Although the plasma was diluted in this study, another

study investigated the stability of OXT in undiluted plasma of normal, pregnant and
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lactating rats for 20 and 40 minutes. The results found OXT was stable in the plasma

of all the types of rats with close 90% recovery at both 20 and 40 minutes [380].

Similar results have also been reported by Fabian et al where OXT only degraded by

20% over 24hours, AVP however degraded much quicker with 50% remaining intact

after 24 hours [381]. However, as most of the stability data were tested by showing

OXT activity there has been suggestions that these values maybe incorrect as OXT has

a half life of 3-6minutes in the body and degrades to metabolites that are more stable

and have contribute to the measured levels of OXT activity [382].

Formulating METx with GCPQ in both the GCPQ and GPCQ (glycerol) formu-

lations improved plasma stability. METx:GCPQ formulations with a weight ratio 1:5

and 1:7 showed higher plasma stability than METx, however when formulated with

a weight ratio of 1:4, this formulation degraded faster than METx alone. Over the 4

hour study all the formulations completely degraded with no METx detectable at the

4 hours time point for all the formulations. METx:GCPQ (1:5) was found to be the

most stable; METx:GCPQ (1:5) was found to be significantly more stable at all the

time points.

METx:GCPQ (glycerol) formulations were tested for their plasma stability in 10

and 30% (v/v) plasma. They were tested tested in two plasma concentrations to help

create a ranking of which formulations were the most stable against plasma degrad-

ation. In plasma (30%) METx:GCPQ (glycerol) (1:5) was found to the most stable

with nearly 60% of the METx detectable at the end of 4 hours, where as the two other

ratios, 1:1 and 1:10, degraded very quickly. In the first 30 minutes of the 4 hour study

METx:GCPQ glycerol (1:1) and (1:10) formulations were degraded to 10% of METx

detectable, after which there was very little degradation for the rest of the 4 hours as a

similar 10% was detected at the end of the 4 hours. METx:GCPQ (1:5) glycerol was

found to be significantly more stable at all the time points compared to METx and the

other METx:GCPQ (glycerol) formulations. The area under the curve of METx:GCPQ

glycerol (1:1) and (1:10) was similar values 2817 and 2819 respectively, which meant

the ratio 1:1 and 1:10 could not be ranked against each other.

As no clear ranking could be make between the superiority of METx:GCPQ (gly-

cerol) (1:1) and (1:10) plasma (10%) stability was performed. This further reduction
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in plasma would provide a slower degradation. METx was found not to fully de-

grade over the 4 hour period with 40% detectable at the 4hr. All the degradation took

place within the first few min after which there was very little degradation. All the

METx:GCPQ (glycerol) formulations were more stable than METx with ratios of 1:5

and 1:1 showing the greatest stability. At the end of 4hr study METx:GCPQ (glycerol)

(1:1) and (1:5) had over 70% of METx still intact where as METx:GCPQ (glycerol)

(1:10) had 55%. None of the formulations degraded instantly like that seen in plasma

(30%) figure 4.16, they degraded steadily over the 4 hours. It is difficult to rank the gly-

cerol formulations in terms of which protects METx the most as the ratio of 1:1 and 1:5

protect METx to a similar high degree in plasma (10%) where as in the plasma (30%)

METx:GCPQ (glycerol) (1:1) did not protect METx at all. Comparing the area under

the curve of the formulations METx:GCPQ glycerol (1:1) had a higher value, 4741,

compared to MET:GCPQ glycerol (1:5). The overall ranking across both plasma (10

and 30%) for METx:GCPQ (glycerol) formulations suggest a ratio of 1:5 is the best

followed by 1:1 and then 1:10.

Previously studies of plasma stability of TPLENK:GCPQ formulations; showed a

ratio of 1:2.5 to be completely stable in plasma. The results showed 100% of TPLENK

detectable at the end of 8 hour study, however TPLENK alone showed some stability in

plasma with over 60% detectable after 8 hours [139]. Another previous GCPQ peptide

formulation of LENK:GCPQ showed similar improvements in stability. LENK:GCPQ

formulations were found to be more stable than LENK alone in plasma, with LENK

completely degrading after 2 hours where as LENK:GCPQ took more then 6hr to com-

pletely degrade [139]. Other studies using hydrophobically modified glycol chitosan

for the delivery of unstable alkaloids found the use glycol chitosan micelles helped to

retain stability for more than 10 hours [383]. However the GCPQ stability data shown

from these experiments do not show the same level of stability against plasma.

Oral delivery of peptides has and will continue to receive a large amount of at-

tention [7]. Oral drug administration is the most convenient and preferred medication

administration route [68, 384] This improved convenience develops into an increased

adherence with the dosing regimens prescribed leading to increased therapeutic effic-

acy [69]. To help create an oral formulation, METx:GCPQ formulations were studied
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for their stability in SGF and RIW.

Previous studies have found both OXT and AVP to be unstable in gastric juices

[385]. Some have shown degradation within the first 5 minutes, with more than 50

percent lost. The results for METx were found to be similar with around 70% of the

peptide being broken down in the first 5 minutes. In the first 15 minutes around 70%

was broken down after which the rate of breakdown was reduced for the remainder of

the 2 hours. Formulations with GCPQ helped to protect the peptide from breakdown.

Increasing ratios of METx:GCPQ from 1:4 to 1:10 of GCPQ were tested, with a weight

ratio of METx:GCPQ (1:5) found to be able to protect the peptide the most, indicated

by the higher level of recovery after 2 hours. In the 2 hours of the study more than 60%

of the peptide was protected when a ratio of METx:GCPQ (1:5) was used whereas,

a ratio METx:GCPQ (1:4) has around 45% and METx:GCPQ (1:10) had less than

30% of METx over 2 hours. The amount of peptide recovered after 2 hours was

significantly better for the formulation METx:GCPQ (1:5) than METx at all the time

points. The increased degradation in the formulation of METx:GCPQ (1:10) is thought

to be due to an increased solubility factor, a greater amount of GCPQ has resulted

in any unencapsulated METx becoming dissolved in the SGF thereby more prone to

degradation by proteolytic enzymes.

The stability of METx in the presence of GCPQ in RIW have similar findings to

other studies. METx has a similar structure to AVP. AVP has an intestinal stability

of less than 5 minutes, however OXT was tested in the ileum where it completely de-

graded in less than 60 minutes [385]. Studies have also found that the main enzyme

to cause AVP and OXT degradation is trypsin [386]. METx showed similar results,

where within the first 5 minutes nearly all of the METx was broken down, to a point

where it became undetectable. For formulations made using GCPQ, the stability was

greatly increased. In the presence of GCPQ for both formulations METx:GCPQ (1:5

and 1:10) between 50-60% of the peptide was still present after 4 hours. The amount

of peptide protected in both GCPQ formulations was significantly better than unen-

capsulated METx at all time points. There was no significant difference between the

formulations of METx:GCPQ 1:5 and 1:10 throughout the 4 hours.

To appreciate the stability of the freeze dried cake of METx:GCPQ (glycerol) the
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ratio 1:5 was stored at room temperature and in the fridge (4°C). On each day the

cake was resuspended and tested for METx content by HPLC and size of particles

by DLS. The formulations stored at room temperature degraded within 2 days with

the decreased peptide content becoming significantly different at day 8. For the for-

mulation stored in the fridge, the METx content remained similar with no significant

difference between the METx content on day 14 compared to day 0. The size by DLS

for both formulations stored at room temperature and in the fridge did not change over

the 8 and 14 days respectively.

Within this chapter it has been shown that METx may be formulated with GCPQ

to improve its stability. GCPQ has been previously formulated to deliver LENK in

an oral formulation. In RIW stability studies the LENK:GCPQ formulation protected

LENK very well with close to 100% detectable after 6 hours, in comparison LENK

degraded with around 20% was detectable at 6 hours. It must also be noted that within

the first 2hr the LENK content decreased to 20%, this means that the majority of the

degradation took place in the first 2 hours [139]. Chitosan has been widely researched

used for oral peptide delivery; one such method has been the use of chitosan-alginate

nanoparticles. Chitosan based particles formulated by Zhang et al. were found to

be completely stable in both gastric and intestinal medium [387]. The METx:GCPQ

formulations were not able to provide a similar level of protection compared to those

chitosan based formulations reported in the literature.

Thompson et al. used similar modifications of GCPQ on a polyallylamine polymer.

The polymer was modified with palmitoyl and quartnerization head group and tested

for it ability to deliver insulin. Stability was tested in both gastric and intestinal envir-

onments; it was found that insulin was unstable in both. Formulation of insulin with

modified polyallylamine improved the stability significantly in both gastric and intest-

inal medium over a 4 hour period. The formulations provided greater protection in the

intestinal mediums compared to the gastric medium, with 50-90% and 25% detectable

in each medium respectively at the end of the study [388]. This helps to highlight

impact of the polymer back bone in gastric stability. The METx:GCPQ stability data

shows similar stability profiles whereby GCPQ is able to help improve stability, but

not completely protect METx.
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Chapter 5: In Vivo Studies

5.1 Introduction

5.1.1 Physiology of Urine Production

When a large volume of water has been consumed by the body the blood plasma be-

comes diluted and the urine produced by the body is more dilute than plasma. If the

water intake is small this results in concentrated blood plasma which means the urine

produced is more concentrated [389]. After a nights sleep or after not consuming wa-

ter for several hours the urine osmolality would be around 1200 mOsm L-1 nearly 4

times that of plasma [389].

The glomerulus filters around 130 ml per 1.73 m2 per minute in young men and

120 ml per 1.73 m2 per minute in young women [390]. However only a small percent

of this volume is excreted daily as urine; the average young adult producing between

1.6 to 1.8L of urine per day [391]. The concentration of urine and the reabsorption

of water and salts to match the body′s requirements is due to complex systems within

the nephrons of the kidneys [392]. Figure 5.1 shows an overview of this concentration

process within the nephrons of the kidney.

The majority of the fluid filtered by the glomerulus is reabsorbed in the proximal

tubule. The proximal tubule is freely permeable to water due to the constant expres-

sion of aquaporin-1 (AQP1) channels. This results in constant water reabsorption,

regardless of the state of the body [393]. The AQP1 is also expressed in the upper

parts of the descending thin limbs of the loop of Henle [394]. AQP1 water channels
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Figure 5.1: Concentrating of Urine in Nephrons of the kidney.

are responsible for most of the water reabsorption in the nephrons of the kidney [395],

whereas the AQP2 water channels are able to adjust the volume of urine to the body′s

osmolaltiy requirements [396].

The AQP1 is found in the upper parts of the thin descending limb of the loop of

Henle [397]. The AQP1 accounts for the majority of filtrate reabsoration as it is freely

permeable to water owing [398]. Urine then enters the thin ascending limb. The thin

ascending limb is impermeable to water but permeable to sodium and urea [399], as

seen in section 2 and 3 of figure 5.1. The thin descending limb and thin asending limb

uses countercurrent to concentrate urine [389]. Urine then enters the thick ascend-

ing limb which actively removes sodium chloride via co-transporters, NKCC2 on the

apical membrane and N-K-ATPase transporters in basolateral membrane [400]. The

urine is further concentrated in the cortex so that the urine′s osmolality is less than that
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the of blood [389]. The urine finally enters the collecting ducts where the water con-

tent of urine is fine tuned. In the absence of AVP the collecting ducts are impermeable

to water. The collecting ducts become highly permeable to water in the presence of

AVP [401].

5.1.2 Urine Disorders

Many patients report polyuria and polydipsia together and share the same reasons for

presentation [402]. Diabetes mellitus is the most common reason of polyuria with

more than 1 in 20 in the UK suffering from diabetes mellitus [403]. Table 5.1 shows

the most common cause of polyuria, where treatment involves tackling the underlying

cause.

Table 5.1: Common causes of polyuria [402]

Common (>1 in 10) Diuretics/caffeine/alcohol
Diabetes mellitus

Lithium
Heart Failure

Infrequent (1 in 100) Hypercalcaemia
Hyperthyroidism

Rare (1 in 1,000) Chronic renal failure
Primary polydipsia

Hypokalaemia

Very rare ( <1 in 10,000) Diabetes insipidus

Another urine disorder is nocturia, which is defined by The International Con-

tinence Society as waking at night to void, with each void preceded and followed by

sleeps [404]. This is experienced by up to 61% of elderly women and up to 59% of eld-

erly men reporting two or more voids per night. The prevalence of nocturia increases

with age, with underlying causes being a mix of more than one factor. Factors can

include; reduced bladder capacity, renal insufficiency, congestive heart failure, venous

insufficiency, hypercalcemia to list a few [405].

Recently there has been an interest in treating nocturia polyuria with desmopressin.

A review by Friedman and Weiss of clinical trials for the treatment of nocturia with
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desmopressin found that in 9 clinical trials with desmopressin patients reported sig-

nificantly less nocturia then those on placebo. In the 9 clinical trials 7 received oral

desmopressin and 2 received desmopressin sublingually. They found that each clinical

trail supported the use of desmopressin in nocturia [406]. In another review by Ebell

et al for the use of desmopressin for nocturia in adults, data from 10 clinical trials

were reviewed and a modest improvement in nocturia was reported. Across the trials

a decrease of 17% in voids per night was reported [407].

A similar urine disorder reported by many young children and parents is nocturnal

enuresis (NE), i.e. bed-wetting. It is a condition where uncontrollable leakage of ur-

ine takes place during sleep in children over the age of 5 [408]. In some cases this

can be the only presenting symptoms however other symptoms also reported include;

daytime incontinence, urgency, decreased void frequency during the day and pain on

going [409]. There are two types of NE; primary where children have never been able

to achieve a period in which enuresis is not experienced or secondary enuresis where

children are able to have at least a 6 month period without enuresis [410]. Second-

ary enuresis is most likely triggered by a stressful life event [411]. It is thought that

15% of children suffer from NE with 80% of NE primary enuresis [410], with the

prevalence decreasing with age with around 3% of 10-12 year olds reporting the con-

dition [412]. The most common reasons for NE are increased urine production while

sleeping, reduced bladder capacity, developmental delay and genetics [413].

Two lines of therapy are used for NE; alarms and desmopressin. The alarm is

an electronic device that produces a loud sound when it senses an episode of incon-

tinence. It is can be worn or placed in the bed. The other first line treatment can

be the use of desmopressin. A Cochrane review into the use of desmopressin for NE

found desmopressin was effective in reducing bed-wetting compared to placebo. How-

ever, once desmopressin treatment was stopped, NE resumed similar to that of placebo

[414]. Another study compared 6 month use of no treatment, alarm, desmopressin

and imipramine, a tricyclic antidepressant. They found that compared to no treatment,

any form of treatment helped reduced NE over the 6 month period. Only 6% of un-

treated patients reported no NE at the end of 6 months compared to desmopressin

(68%), alarm (63%) and impramine (36%). However, once treatment was stopped
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from months 6 to 12 only the alarm group reported a persistent reduction in NE [415].

Our data ha shown the ability of METx to function as a V2R partial agonist. For-

mulating METx with GCPQ may provide a means to deliver METx. AVP agonists

ability to reduce the over production and passing of urine is used conditions such as

diabetes insipidus, polyuria, nocturia and bed-wetting. The experiments in this chapter

tested the METx formulations for its ability to reduce the production of urine in rats.

The efficacy of the formulation was determined by the volume of urine passed and the

osmolality of the passed urine.
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5.2 Materials Methods

5.2.1 Materials

Table 5.2: Materials used for in vivo studies of METx.

Materials Supplier

Dextrose Sigma-Aldrich

GCQP Synthesised in chapter 4

Glycerol Fisher

METx Severn Biotech

Sodium hydroxide Sigma-Aldrich

5.2.2 Methods

5.2.2.1 Animals

All the experiments were performed under a Home Office License No. PPL 70/8224

(Animals (Scientific Procedures) Act 1986). Male Sprague Dawley rats (Harlan, Indi-

anapolis, USA) were used when their weights were around 220-250 g, animals were

weighed on the morning of the experiment.

The rats were housed five per cage in an air conditioned unit maintained at 20-

22°C and 50-60% humidity, and were allowed free access to standard rodent chow and

water. Lighting was controlled on a twelve-hour cycle, lights on at 07:00 and off at

19:00. Animals were habituated for 7 days prior to experimentation and acclimatised

to the procedure room for 1 hour prior to testing. Animals were also acclimatised to

the metabolic cages for 20 minutes per day for 5 days before the day of experiment.
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5.2.2.2 Administration

5.2.2.2.1 Intravenous Study

Animals were randomly assigned into one of four groups; untreated, 10, 20 or

40 mg kg-1 of METx:GCPQ (n=3, GCPQ batch: 051212). The formulations were

prepared fresh on the morning of the experiment as described 4.2.2.2.1 in and the pH

was titrated to pH7 using NaOH. The ratio of METx:GCPQ (1:5) was used to make

these formulations.

Animals tails were heated using a warm cloth to stimulate dilation of the tail vein.

The tail vein was cleaned using ethanol (70%) and were given the required formula-

tion (0.5ml) by IV injection via the tail vein. After administration each animal was

placed in an individual metabolic cage (Techniplast, Italy) with access to water. Spon-

taneously voided urine was collected for 4 hours. Urine osmolality was determined by

freezing point depression using a Type 5r osmometer (Loser, Germany).

5.2.2.2.2 Oral Study

The animals were fasted overnight (16 hours) with access to water. Animals

were randomly assigned to two groups; vehicle (GCPQ, GCPQ batch:121114) or

METx:GCPQ (n=5). Two separate studies were performed; 100 and 200 mg kg-1.

A ratio of METx:GCPQ (1:4) was used, this was used as ratio of METx:GCPQ (1:5)

was too viscous to be delivered by oral gavage.

The formulations were prepared fresh on the morning of the experiment as de-

scribed in section 4.2.2.2.1 and were given the required formulation (1ml) to rats by

oral gavage (Torpac, New Jersey, USA) as per designated group. After administra-

tion each animal was placed in an individual metabolic cage (Techniplast, Italy) with

access to water. Spontaneously voided urine was collected for 4 hours. Urine osmo-

lality was determined by freezing point depression using a Type 5r osmometer (Loser,

Germany).
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5.2.2.2.3 Subcutaneous Study

Two separate studies were performed using either the METx:GCPQ or METx:GCPQ

(glycerol) formulation. Animals used for METx:GCPQ formulation were assigned to

one of three groups at random; vehicle (GCPQ, GCPQ batch: 210115), 10 or 20mg

kg-1 of METx:GCPQ (n=5). Animals used for the METx:GCPQ (glycerol) formula-

tion study were assigned to one of four groups; vehicle (GCPQ, GCPQ batch:030915),

10, 20 or 40mg kg-1 of METx:GCPQ (glycerol) formulation (n=5).

The formulations were prepared fresh on the morning of the experiment as de-

scribed in 4.2.2.2.1 and 4.2.2.2.2 for the METx:GCPQ and METx:GCPQ (glycerol)

subcutaneous study respectively. The animals were injected with the required formu-

lation (1ml) subcutaneously at the loose skin around the neck. After administration

each animal was placed in an individual metabolic cage (Techniplast, Italy) with ac-

cess to water. Spontaneously voided urine was collected for 4 hours. Urine osmolality

was determined by freezing point depression using a Type 5r osmometer (Loser, Ger-

many).
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5.3 Results

5.3.1 Intravenous Study

5.3.1.1 Urine Volume

*

Figure 5.2: Effect of intravenous administration METx:GCPQ on urine volume of male SD
rats over 4 hours (n=3), (GCPQ: 051212); *=significant difference to control p<0.05.

Male SD rats (n=3) were dosed intravenously via the tail vein with METx:GCPQ

(1:5) at dose of 10, 20 or 40 mg kg-1, after which they were placed individually into

metabolic cages. Control animals were not dosed. The results for urine production

are shown in figure 5.2. The spontaneously voided urine was collected over 4 hours.

METx caused a dose responsive decrease in urine volume. The urine volume for un-

treated animals was 2.3 mL. The rats dosed with METx (40mg kg-1) did not produce

any urine at all, with one animal having to be put down due to discomfort. The urine

produced at METx (40mg kg-1) was statistically significantly different to the control.

The two other doses 10 and 20 mg kg-1 urine volume were not significantly different

to that of the control.
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5.3.1.2 Urine Osmolality

*

#

Figure 5.3: Effect of intravenous administration METx:GCPQ on urine osmolality of male
SD rats over 4 hours (n=3); *=significant difference to untreated, (GCPQ:051212),
#=significant difference to 10mg kg-1, p<0.05.

Urine produced by male SD rats (n=3) dosed intravenously via the tail vein with

METx:GCPQ (1:5) at doses 10, 20 or 40 mg kg-1 was collected over 4 hours. The

urine′s osmolality was measured by an osmometer, freezing point depression osmo-

meter. The results are shown in figure 5.3. The urine osmolality of the control rats,

produced urine which had an osmolality of approximately 1000 (±93) mOsm kg-1.

The urine osmolality increased from as the dose was increased from 10 to 20 mg

kg-1. However as there was no urine produced at 40mg kg-1 no osmolality could be

measured. A trend would be expected that with a lower urine volume, a higher osmo-

lality would be seen, as there would be a higher concentration of solute within a lower

volume of fluid. It is unclear if that trend is being shown within this urine osmolality

as there are only two values to compare against. However there is a significant dif-

ference between the urine osmolality of 10 and 20 mg kg-1. There was no significant

difference between the control and 20 mg kg-1 group.
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5.3.2 Oral Study

5.3.2.1 Urine Volume
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Figure 5.4: Effect of oral administration METx:GCPQ (1:4) (100mg kg-1) on urine volume
of male SD rats over 4 hours (n=5), (GCPQ:121114).

Male SD rats (n=5) were dosed either GCPQ (control) or METx:GCPQ (1:4) (100

mg kg-1) via an oral gavage and placed individually inside metabolic cages. Spon-

taneously voided urine was collected for 4 hours. For the 200mg kg-1 dose a ratio

of METx:GCPQ (1:4) has to be used rather than METx:GCPQ (1:5) to reduce the

viscosity of the formulation. This was chose as METx:GCPQ (1:4) was chosen as it

a similar breakdown profile to METx:GCPQ (1:5) (see figure 4.18) and it was more

doseable. The results are shown in figure 5.4. There was no difference in the urine

volume produced by METx compared to that of the control.

As there was no urine production difference in rats dose METx:GCPQ (1:4, 100mg

kg-1) a double dose was tried to examine if any urine effects could be observed. Male

SD rats (n=5) were dosed with either GCPQ (control) or METx:GCPQ (1:4, 200 mg

kg-1) via oral gavage and placed individually into metabolic cages. Spontaneously

voided urine was collect for 4 hours. The results are shown in figure 5.5 There was no

difference seen in the urine production between the control and METx animals.
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Figure 5.5: Effect of oral administration METx:GCPQ (1:4) (200mg kg-1 on urine volume of
male SD (n=5) rats over 4 hours, (GCPQ:121114).

The results from the two oral studies at 100 and 200 mg kg-1, showed that METx:GCPQ

formulation is not orally active at reducing the urine output. This can be due to a com-

bination of reasons such as; the METx:GCPQ formulation is not stable enough within

the GI tract, not able to pass into the systemic circulation, goes under significant first

pass metabolism and/or the formulation is not stable enough within the plasma to reach

the site of action.
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5.3.2.2 Urine Osmolality
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Figure 5.6: Effect of oral administration METx:GCPQ (100mg kg-1) on urine osmolality of
urine produced by male SD rats over 4 hours (n=5), (GCPQ:121114).

0

100

200

300

400

500

600

Control 200

U
rin

e	
O
sm

ol
al
ity

	(m
O
sm

kg
-1
)

METx:GCPQ Dose	(mg	kg-1)

Effect	of	METx:GCPQ	on	Urine	Osmolality:	
Oral	Study

Figure 5.7: Effect of oral administration METx:GCPQ (200mg kg-1) on urine osmolality of
urine produced by male SD rats over 4 hours (n=5), (GCPQ: 121114).

The urine osmolality of urine produced by the rats dosed either control or METx:GCPQ

orally was measured using the freezing point method. The results for 100 and 200 mg

kg-1 are show in figure 5.6 and 5.7 respectively. The urine osmolality after dosing
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with METx at a dose of 100 and 200 mg kg-1 was similar to the control values for

urine. This was expected as the oral formulations did not produce any difference in ur-

ine volume, which would suggest there was no difference in water reabsorption at the

collecting duct. The lack of difference in water reabsorption would result in urine of

similar concentration being produced by the control and animals dosed METx orally.

5.3.3 Subcutaneous Study

5.3.3.1 Urine Volume

5.3.3.1.1 METx:GCPQ Formulation
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Figure 5.8: Effect of subcutaneous administration METx:GCPQ (1:5) on urine volume
production by male SD rats (n=5) over 4 hours, (GCPQ:210115).

To help create a formulation that can be dosed outside of the clinic, the SC route

was investigated for any activity. The SC route is currently the main method of delivery

of insulin for diabetes mellitus patients. Male SD rats were dosed either GPCQ (con-

trol) or METx:GCPQ (1:5) 10 or 20 mg kg-1 subcutaneously in the loose skin around

the neck area. After which the animals were placed in individual metabolic cages and

spontaneously voided urine was collected for 4 hours. The results are shown in figure
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5.8. There was no difference in the urine produced by either the control or the animals

dosed METx.

5.3.3.1.2 METx:GCPQ (glycerol) Formulation
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Figure 5.9: Effect of subcutaneous administration METx:GCPQ (glycerol) (1:5) on urine
volume production by male SD rats (n=5) over 4 hours, (GCPQ:090315).

As the METx:GCPQ formulations did not show any activity in the SC or oral route,

METx:GCPQ (glycerol) was tried as this would have provided an alternative formula-

tion that may be used outside of the clinic. Male SD rats (n=5) were again dosed sub-

cutaneously in the loose skin behind the neck either control (GCPQ) or METx:GCPQ

(glycerol) formulation. After which they were placed individually inside metabolic

cages and spontaneously voided urine was collected for 4 hours. The results are shown

in figure 5.9. There is no decrease in urine production with those rats dosed 10, 20 or

40 mg kg-1. There is no difference in the urine volume produced by the control or

METx dosed rats. This shows that the METx:GCPQ (glycerol) formulation is not

active via the SC route.

Both METx:GCPQ and METx:GCPQ (glycerol) formulations were investigated

as an alternative to IV delivery of METx. However neither resulted in a decrease in

urine production. This shows that these formulations are not able to protect METx
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well enough for it to reach the kidney intact, to have an effect.

5.3.3.2 Urine Osmolality

0

500

1000

1500

2000

Control 10 20U
rin

e	
O
sm

ol
al
ity

	(m
O
sm

kg
-1
)

METx:GCPQ Dose	(mg	kg-1)

Effect	of	METx:GCPQ	on	Urine	Osmolality:	
Subcutaneous	Delivery

Figure 5.10: Effect of subcutaneous administration METx:GCPQ (1:5) on urine osmolality
of urine produced by male SD rats (n=5) over 4 hours, (GCPQ:210115).
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Figure 5.11: Effect of subcutaneous administration METx:GCPQ (glycerol) (1:5) on urine
osmolality of urine produced by male SD rats (n=5) over 4 hours, (GCPQ:090315).
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Even though METx:GCPQ and METx:GCPQ (glycerol) formulations did not have

an impact on urine production of the animals, the osmolality of the urine was still

measured. If METx was able to concentrate the urine, the osmolality would provide an

indication. However, the urine osmolality for both formulations showed no difference

compared to the control. This meant that METx was either not reaching the site of

action intact or not reaching the site of action at all and was thus not able to influence

the volume and concentration of urine.
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5.4 Discussion

The function and structure of AVP was first discovered in the 1950s [19] for which

Du Vigneaud went on to win the Nobel prize in chemistry. After this many have

tried to modify the structure of AVP to create new analogues [23]. We have shown

METx to be a partial agonist of the V2R receptor and, to test this activity of METx in

vivo, urine production studies were performed. The V2R is found on the basolateral

membrane of the collecting duct of the kidney [267]. Activation of these receptors by

AVP results in the insertion of AQP2 water channels into the apical membrane making

them permeable to water [26]. A therapeutic agent that has the ability to enhance the

antidiuresis of the collecting duct mimicking the actions of AVP may have therapeutic

uses in DI, nocturia and NE [35, 407, 415] .

METx was formulated with GCPQ and administered either IV, orally or SC to

determine if any of these formulations were able to create a reduction in urine volume.

Only the formulation delivered intravenously created a dose-dependent decrease in

urine production. The doses administered were 10, 20 and 40 mg kg-1 and compared

to animals that had not been dosed at all. There was a decrease in urine production and

those rats that had been dosed 40mg kg-1 did not produce any urine at all. The urine

production at 40mg kg-1 was significantly different to the control animals. The average

values for rat urine volume excretion varies from 3.3 mL per 100 g bodyweight each

day calculated to 8.25mL per day for a 250 g rat [416] whereas others say 23-33 mL

per day per rat [417] , therefore it is difficult to compare these results for urine output

to an average rat [417].

Comparing these results to other studies; one study found OXT, AVP and desmo-

pressin had be delivered intrathecally to elicit changes in urine output, blood pressure

and heart rate. Results found that AVP (3 pM), OXT (300 pM), and desmopressin (30

pM) caused a 60-80% decrease in urine production [418]. Other studies that had taken

place to study the effects had been in Battleboro rats, which are rats that lack the abil-

ity to produce AVP, found similar results for OXT and AVP urine production [419].

Another study by Kauker et al. to compare the effects of AVP on Long Evans and
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Battleboro rats found that undosed Long Evans rat produced 25 µL min-1 kg-1 which

calculates to 1.5 mL min-1 for a 250 g rat, comparing this is similar to the undosed

rats of this study. The Long-Evan rats that received AVP received it via continuous

infusion for 80-90 minutes so the data cannot be compared to this study directly [420].

The osmolality of the urine produced by the rats was determined using freezing

point depression. An upward trend was found in the urine osmolality of 10 and 20

mg kg-1. It would be expected that the urine osmolality should increase with the dose

as the similar amount of solutes are being passed within a smaller volume thereby

increasing its concentration and so increasing its osmolality. Similar results in urine

osmolality increase was reported by Bardoux et al. where urine flow and osmolality

was monitored in rats after intraperitoneal (IP) injection of desmopressin. The results

showed that as the urine flow decreased an increased in urine osmolality was seen

[421].

The same studies were repeated for oral delivery of METx as oral delivery is the

most patient accepted form of administering medications [68, 69]. However no differ-

ence was seen in urine volume or osmolality at 100 and 200 mg kg-1. We conclude not

enough METx is reaching the kidneys to have an action which can mean that the for-

mulation with GCPQ is not protecting the METx enough in the GI tract, not enough

METx is reaching past the liver to the systemic circulation and/or it is not remain-

ing stable in the plasma till METx reaches the kidneys. The results from the oral in

vivo data do not correlate well with those from the formulation development chapter.

Within the formulation development chapter GCPQ based formulations are able to

protect METx in gastric (80%) and intestinal (50%) mediums. However, this cannot

be suggested within the oral in vivo studies, as very little effect can be seen suggesting

METx is not protected as well as thought. Previous GCPQ formulations have shown

an ability to deliver peptides across the GI tract. GCPQ has been used to deliver LENK

to the brain. GCPQ was formulated with LENK in a similar manner to this study and

given orally by an oral gavage resulting in increased anti-nociception when compared

to LENK alone [139].

Desmopressin, the commercial oral AVP agonist, showed a 50% reduction in the

volume of urine passed 3 hr after oral administration in a clinical trial [12]. Although
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desmopressin has such a distinct effects its oral bioavailability is variable and low with

studies showing between 0.08-0.1% [422]. Similar results of low bioavailability were

found in rats, 0.03% [423]. Direct comparisons of these cannot be made to METx as

desmopressin is known to have a far greater potency than AVP and so a much lower

amount would be needed to have a therapeutic effect.

A similar urine volume and urine osmolality experiment was performed, as SC

injections are more favoured than IV injections by both the patients and health care

professionals [101, 104]. METx was tested subcutaneously with GCPQ and GCPQ

(glycerol) formulations however neither produced any difference in production of ur-

ine volume or urine osmolality. The lack of activity shows that not enough METx

was reaching the site of action to have an effect. Although delivery of peptides subcu-

taneously provides a means to bypass the barrier of degrading enzymes of the GI tract,

transport thorough the SC tissue into the systemic circulation still does not mean com-

plete bioavailability [105]. Studies have shown that variable amounts of peptides and

proteins cross the SC tissue; one study found that 35% insulin crosses the SC tissue

into systemic circulation [121]. Another study reported this value to be around 65%

[424]. Similar results were also reported in other studies, however SC delivery offers

a higher bioavailability and hence a larger chance of effect compared to oral peptide

delivery [425].

METx has shown an ability to reduce urine volume upon administration. Currently

in the clinic the main molecule used for a similar effect is desmopressin. Although des-

mopressin is more potent than AVP and is generally well tolerated there are require-

ments for with a strict fluid diet which can have an impact on day to day activities [60].

METx as partial agonist may provide an alternative if a suitable oral formulation can

be developed.
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Chapter 6: Conclusions & Future Work

Desmopressin has become the main stay for treatment of DI [54]. Although it is well

tolerated in most patients, there is a need for strict fluid intake, as day to day variab-

ility can lead to fluid intoxication [60]. Recently desmopressin as a V2R agonist has

received greater attention for the treatment of other conditions such as NE, polyuria

and enuresis. Within this study METx was developed as an alternative to desmopressin

for conditions where an AVP analogue would provide treatment. Previous experiments

of treating DI patients with OXT found that OXT has a similar but less potent effect to

that of desmopressin [426].

METx is a hydrophobic derivate, where the addition of palmitoyl chain makes it

insoluble in water. Some peptide characterisation studies were performed to identify

the CMC of METx and its solubility. METx was found to have a CMC of 27.4 mg

L-1 (20 µ M). METx showed higher solubility in organic solvents, with the highest

solubility in DMF (833 µg ml-1). Further experiments that could be performed such

as calculating pka and whether METx is amorphous or crystalline; these experiments

will help to understand the properties of METx more. The pKa of METx would be

helpful as it can help predict its lipophilicity and permeability at different pHs thereby

helping to improve its absorption, thus helping to maximise the effect of METx [427].

The next experiments helped to understand METx′s activity on the V2R by mon-

itoring cAMP production. METx was found to be a partial agonist of the V2R, this

was similar to what other studies had found about OXT on the V2R [323]. Further in

vitro experiments would need to be performed to further understand METx′s selectiv-

ity for AVP receptors, as one of the biggest challenges is to develop selective agonists

[22]. The AVP receptors are very closed related to the OXT receptors, sharing 40%

182



of the same amino acid sequence of their receptors [428]. Each of the AVP and OXT

receptors has a different function within the body.

One of the reasons desmopressin has become such an important treatment options

is due to its selectivity. Desmopressin does not show any affinity for the V1AR, thereby

reducing its vasoconstriction side effects [429]. However further studies found that

desmopressin was a more V1BR agonist than V2R agonist in humans, but in rats des-

mopressin is a more potent V2R agonist than V1BR agonist and a lesser extent to

the OXT receptors [47, 428]. Currently desmopressin is the only V2R agonist avail-

able, attempts for development of other analogues led to development of terlipressin,

a V1AR agonist [45].

The V1AR and V1BR activity of METx may be measured either by monitoring

intracellular movement of Ca2+ or IP3, its secondary messenger. An improvement

on the use of primary cell lines such as MDCK is to transfect Chinese hamster ovary

(CHO) or human embryonic kidney (HEK) cells with the human and rat form of the

receptors. This again would provide some useful data as the human and rat AVP

receptors differ slightly, the importance of this has been exemplified in desmopressin

studies discussed above.

Formulation development involved using GCPQ to formulate METx for IV, oral

and SC delivery, a ratio of METx:GCPQ (1:5, w/w) was found to be most stable in

plasma, SGF and RIW and for the METx:GCPQ (glycerol) the same ratio 1:5 (w/w)

was found to be the most stable in plasma. The METx:GCPQ (glycerol) formulation

was found to be stable for 14 days when stored in the fridge. It however, degraded

quickly when stored at room temperature, with METx content reducing after 2 days.

In vivo studies were performed to see if the agonist activity of METx could be

seen in animals, this also provided an opportunity to test the strength of METx:GCPQ

formulation in protecting METx. METx showed antidiuretic activity when delivered

IV. METx produced a dose responsive effect when give by IV injection, with those

animal dosed 40mg kg-1 unable to produce any urine at all. METx was not able to

provide the same effect when administered orally or SC injection.
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Oral administration of medications is the most preferred route by all patients. An-

other reason desmopressin has been main stay treatment as it has all the benefits of

being a peptide [68, 69]. Desmopressin can be taken at home at patients own con-

nivence. Although desmopressin has very low bio availability (0.1%) [422] , this is

enough for it to have the therapeutic effect required. Chemical modification has meant

that desmopressin is very stable in GI fluids and plasma [385, 430, 431]. METx does

not currently have the ability to be delivered in a non clinical environment, for this

to become the case some further work will be required. METx did not show activity

when administered orally or SC.

Formulation development would be required to improve the delivery of METx.

Although an optimal ratio of METx:GCPQ has been investigated here, this has not

resulted in systemic delivery of METx. METx produced an effect when delivered by

the IV route, this means it is active in vivo and requires a better delivery system. Many

of the oral peptide clinical trials taking place use a permeation enhancer technology for

the oral delivery of peptides such as insulin [145], so the introduction of a permeation

enhancer could be tested. This would also help to understand if stability or absorption

is the limiting factor in oral delivery of METx:GCPQ. Stability studies have shown

METx is protected by GCPQ from the harsh GI tract and plasma, permeation enhan-

cers would assist in transport of METx from site of administration to the systemic

circulation. Other options are to test various other co-solvents. Recently lomustine

has been formulated with GCPQ, soy bean oil and polysorbate for brain cancer deliv-

ery [432]. To this effect more formulation studies would be performed with a range of

excipients to aid delivery. To improve the storage stability of METx:GCPQ (glycerol)

the breakdown could be studied by MS, this may help to find other methods to help

improve the stability of the freeze-dried formulations.

Aside from understanding and delivering METx future experiments could also in-

volve some structure activity experiments to increase METx potency and selectivity.

Desmopressin has two modifications deamination of Cys at position 1, which improves

its half life and enhances the antidiuretic activity, and the substitution at position 8 from

L-Arg to D-Arg, results in loss of activity at the V1AR [433]. Similar modifications

can be tested on METx to see if this would improve its properties too. However no pa-
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pers could be found where OXT structure has been studied to improve its antidiuretic

activity.
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