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Abstract

Background and Aim: The International Diabetes Federation suggests in 2017,
around 451 million adults around the globe were affected by diabetes mellitus.
Worldwide, invasive subcutaneous injection devices remain the standard for diabetes
treatment. To increase patient adherence, and to help reduce the anxiety of painful
daily administration of insulin this study investigated the prospect of using
ultradeformable vesicles, known as transfersomes, to act as carriers and permeation
enhancers for the delivery of insulin. The overall aim was the development of a double-
layered patch, in which the transfersomes were embedded in the mucoadhesive layer,
and the presence of an outer impermeable layer enabled the formation of a novel

unidirectional immobilized delivery system for buccal delivery of insulin.

Methods: A reverse phase HPLC method was developed and validated, according to
ICH guidelines, for the detection and quantification of insulin. Vesicles were formed
using a thin-film hydration technique with bath sonication, and manual extrusion was
used for further downsizing. Throughout the project, vesicles were evaluated for
particle size, polydispersity index, zeta potential and insulin encapsulation efficiency
(EE, %). Permeability of insulin was studied across TR146 buccal cell line, and
sulforhodamine B (SRB) assay was used for in-vitro cytotoxicity screening. Minitab

factorial design was employed to optimise mucoadhesiveness of lyophilised patches.

Results and Discussion: Analysis and quantification of insulin with HPLC
demonstrated insulin to degrade much faster in acidic conditions. Preliminary studies
led to the selection of Span 60, which was combined with the phospholipid DPPE (1,2-

dipalmitoyl-3-sn-phosphatidylethanolamine) to produce transfersomes. Membrane
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fluidity was enhanced by the addition of Tween 80 and reduction of cholesterol content.
Based on toxicity studies, the two promising formulations consisted of Span 60 (40%),
DPPE (20%), Tween 80 (20%), cholesterol (15%), with either 5% dicetyl phosphate
(D5E) or 5% sodium glycodeoxycholate (S5E). Insulin release from patch S [sodium
alginate (2% wi/v), HPMC (0.5% w/v), Sorbitol (5% w/v) and PEG 400 (0.25% w/v)] was
found to occur as burst release with 75% of the total insulin being released in the first
30 minutes. The most promising percentage drug release (66.5%), in 6 hours, was with

patch S containing the transfersomal formulation D5E.

Conclusion: This thesis demonstrated an excellent approach in delivering insulin via
a non-invasive route by combining novel transfersomes as permeation enhancers
within an optimised mucoadhesive buccal patch. Furthermore, the project led to the
generation of new data and observations concerning the influence of extrusion and
vortexing on vesicle size, use of CytoSMART for cell imaging, use of actinomycin D as
positive control in SRB cytotoxicity assays with TR146 cells and influence of the
cryoprotectant sorbitol on mucoadhesion combined with HPMC, sodium alginate and

chitosan in freeze-dried patches.

Keywords: Insulin, diabetes, buccal, non-invasive, transfersomes, vesicles, TR146

cells, HPLC, patch, mucoadhesion
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1. Introduction

1.1 Overview of diabetes mellitus and insulin

Diabetes mellitus (DM) affects a considerable proportion of the population worldwide.
It is estimated, by the International Diabetes Federation, that in 2017 this metabolic
disease affected 451 million adults around the globe, and they are projecting the
numbers to reach 693 million by 2045 [2]. According to the 1999 WHO criteria, a fasting
blood plasma glucose of > 7 mmol/L or > 126 mg/dL is accepted for diagnosis of
diabetes [3]. The condition can be very burdensome to both patients and the healthcare
system if it is not controlled effectively. Uncontrolled diabetes in the short-term can
result in serious complications such as hypoglycaemia (< 4 mmol/L), hyperosmolar
hyperglycaemic state (often > 40 mmol/L) and diabetic ketoacidosis as it can lead on
to other major health issues such as renal failure, cardiovascular disease, neuropathy
and amputations [4]. Even though many new therapies are available for type 2
diabetics (T2DM), such as the glucagon-like peptide-1 analogues (e.g. dulaglutide),
insulin is still one of the main treatments for patients with DM; particularly those with

type 1 diabetes (T1DM).

Presently, for insulin-dependent diabetic patients, the primary route of insulin
administration is the parenteral route. Thus, for individuals to maintain the correct level
of blood glucose in many cases, this requires them to regularly administer multiple
daily injections of either long-acting, intermediate-acting, short-acting, and/or rapid-
acting insulin via the subcutaneous route. To increase patient compliance, and to help
reduce the anxiety of painful daily administration of insulin, numerous researchers are
working on the development of novel carrier systems for the safe and effective delivery
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of insulin via non-invasive routes, which mainly include; buccal, oral, pulmonary, nasal
and transdermal systems. Thus to gain an overview, a comprehensive review was
completed of formulations and delivery systems that have had some success in the

area of non-invasive delivery of insulin [1].

1.1.1 Diabetes mellitus

DM is classified by WHO into type 1, type 2, gestational diabetes and intermediate
conditions such as impaired glucose tolerance and impaired fasting glycaemia, which
can progress into diabetes [4]. The two main types of diabetes mellitus are T1DM and
T2DM. The aetiology of both types are complex, and based on current evidence
involves both genetic and environmental factors [5]. TLDM, also known as early-onset,
is caused by an absolute deficiency of insulin due to autoimmune destruction of the
insulin-producing beta-cells in the pancreas. Roughly one-tenth or less of all people
with DM are classified as type 1 diabetics and are diagnosed commonly in early
childhood or as young adults. T2DM is the most common form of diabetes, which is
responsible for almost all the other cases of diabetes and is caused as a result of

insulin resistance and relative insulin deficiency [1].
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1.1.2 Insulin structure
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Figure 1.1: Schematic representation of human insulin [1].

As shown in Figure 1.1, monomeric human insulin comprises 51 amino acids, which is
in the form of an A chain of 21 amino acids and a B chain of 30 amino acids. It has a
molecular weight of 5.8 kDa and consists of two disulphide bonds that connect the A
and B chains (A7-B7 & A20-B19), and one disulphide linkage that is present within the

A chain (A6-A11) [6].

1.1.3 Insulin in clinical practice

The goal for insulin treatment would be to accomplish plasma insulin levels that mimic
as closely as possible the normal secretion of insulin in non-diabetic people. This
includes covering baseline insulin, which is usually in the range of 5 to 15 microunits
per millilitre and the insulin released in response to meal intake, which generally results
in insulin levels of 60 to 80 microunits per millilitre [7], [8]. The primary method for
insulin administration is via subcutaneous (sc) injections. Disposable injection pens
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such as FlexPen® by Novo Nordisk A/S are commonly used in practice [9]. The main
benefits of these devices include the high bioavailability, the controlled onset of action
and flexibility in dosing. The disadvantages include the bruising of injection sites,
lipodystrophy, weight gain and variations in absorption when the injected limb is used
for vigorous exercise. Short-acting insulin formulation act within 30-60 minutes, with
maximal effect occurring 2-4 hours, and lasts up to 8 hours. Intermediate-acting
formulations and long-acting preparations have an onset of 1-2 hours, levels peak

around 4-12 hours, and have a duration of action of 16—42 hours [10].

1.2 Evaluation of insulin delivery via non-invasive routes

As part of initial research, a review was completed, which covered non-invasive insulin
delivery formulations that have managed to enter the different stages of clinical trials
in the past decade. The data was primarily based on the database, ClinicalTrials.gov
and results shown in Table 1.1 below [11]. The advantages and disadvantages of the

various non-invasive insulin delivery routes are outlined in Figure 1.2 below.
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Buccal Delivery

Good patient acceptability

Conwvenient and easily removed in the event of adverse
reactions, side-effects or over dosage

Low enzymatic activity compared to GIT

Highly vascularized absorptive surface area

Fast flowing blood supply (2.4ml/min/cm?)

Direct access to the systemic circulation

Potential bypass of hepatic first pass metabolism through
the internal jugular vein

Short recovery time after trauma or injury

Tolerant to possible allergens due to low number of
Langerhans cells

Small surface area for absorption

Low permeability

Saliva secretions can vary (excessive secretion can dilute
the drug or cause wearing away of formulation & too little
maybe inadequate to cause dissolution of the formulation)
Taste of drug can be an issue

Possible choking hazard due to unintentional swallowing of
formulation

Food consumption may dislodge delivery system

Drinking hot, cold or acidic liquids may alter drug
absorption from formulation

Nasal Delivery

PR

=

Potential bypass of hepatic first pass metabolism
Low enzymatic activity

Small surface area

Possible irritation

Irreversible damage to the cilia after long-term
administration

Wariability in absorption due to differences in mucus
composition and characteristics

/ /

v
v

RO OK K 44K

Oral Delivery

Most patient friendly route of drug delivery
Conwvenient administration hence possible improvement
in compliance

More reflective of physiological insulin delivery
Reduced peripheral hyperinsulinemia

Possibly reduced chance of weight gain

Low stomach pH leading to insulin degradation

Low permeability

Enzymatic degradation in the GIT

Variability of drug absorption in the GIT depending on
location of release in the GIT, the fed and fasted state
and transit time

First pass hepatic insulin extraction leading to
degradation of 50% or more of insulin that enters

hepatocytes

Pulmonary Delivery

v Large surface area for drug absorption (50-140 m?)
with around 500 million alveoli

v+ Highly vascularized

v Thin alveolar-capillary barrier hence small barrier for
drug permeation

v Low enzymatic activity

v Higher bicavailability (4-40 fold increase) compared to
most other transmucosal routes e.g. buccal and nasal
delivery

X VWariable bicavailability affected by respiratory factors
such as: inspiration effort, tidal volume and peak flow

X Coughis a common side-effect

¥ Possible long-term damage to the lungs

¥ Clearance by alveolar macrophages

N\

Transdermal Delivery

¥~ Convenient administration

v’ Large surface area

v Bypass of hepatic first pass metabolism

v Less likely to result in fluctuating insulin levels

v Possibility of terminating drug dosing by removal of
delivery device

¥ WVery low permeability hence mechanisms of enhancing
absorption required

X Possible irritation

X Allergic contact hypersensitivity may occur

¥ Skin reactions can arise due to occlusion by the delivery

device

Figure 1.2: Advantages and disadvantages of various non-invasive delivery routes for insulin [1].

Summary from the following resources [12]-[20]
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Table 1.1: A summary of clinical trials submitted in the clinicalTrials.gov website

involving pulmonary, buccal, oral, and nasal insulin delivery systems, for type 1 & 2

diabetes mellitus, with the trial start date being between January 2008 and December

2017. No trials recorded for transdermal delivery in the past decade [1], [21].

Pulmonary Insulin Delivery
Product Company Technology Year Phase | NCT Number
Name Trial
Started
Dance- Dance Inhaled insulin administered 2013 1&2 | NCT02713841
501 Biopharm using the Adagio-01 inhaler 2016 1&2 | NCT02716610
device (also known as
dance-501). The device
uses a vibrating mesh
micropump technology
developed by Aerogen.
Afrezza® Mannkind Technosphere® Insulin 2008 1 NCT00673621
Corporation & SAR439065 Afrezza®. 2 NCT00662857
Sanofi Technosphere® particles 1 NCT00674050
are formed using the carrier 2 NCT00747006
fumaryl diketopiperazine 3 NCT00700622
(FDKP). Insulin is adsorbed 2009 3 NCT00642616
onto the particles (around 2 2010 3 NCT01196104
um in size), forming 2011 3 | NCT01451398
Technosphere® insulin. 3 NCTO01445951
2012 1 NCT01544881
2015 1 NCT02485327
1 NCT02470637
2 NCT02527265
2017 1&2 NCT03234491
3 NCT03324776
4 NCT03143816
4 NCT03313960
Buccal Insulin Delivery
Product Company Technology Year Phase | NCT Number
Name Trial
Started
Oral-lyn™ Generex Formulation contains 2008 3 NCT00668850
Biotechnology surfactants as absorption
Corp. enhancers by forming
insulin-containing micelles.
Generex Oral-lyn™ delivers
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insulin via a device known
as RapidMist™.

Oral Insulin Delivery

Product Company Technology Year Phase | NCT Number
Name Trial
Started
GIPET® | Novo Nordisk GIPET® | tablet preparation 2013 1 NCT01809184
consists of micelles formed 2013 1 NCT01796366
with the aid of patented 1 NCT01931137
absorption enhancers. 2014 1 NCT02304627
2015 2 NCT02470039
1 NCT02479022
ORMD- Oramed, Ltd. & | ORMD-0801 consists of an 2008 2 NCT00867594
0801 Integrium enteric-coated capsule that 2013 2 NCT01889667
encompasses insulin along 2014 2 NCT02094534
with protease inhibitors and 2015 2 NCT02535715
absorption enhancers that 2 NCT02496000
aid delivery in the small 2016 2 NCT02954601
intestine.
Oshadi Oshadi Drug Oshadi carrier contains a 2010 1 NCT01120912
Oral Administration | mixture of pharmacologically
Insulin inert silica nanoparticles with
a hydrophobic surface and a
branched polysaccharide.
Insulin is suspended,
embedded or dispersed in
oil or mixture of oils
Oshadi Icp (insulin, 2013 1&2 NCT01772251
proinsulin and C-peptide in 2 NCT01973920
Oshadi carrier)
HDV Diasome In the HDV (hepatocyte 2008 2&3 NCT00814294
Insulin Pharmaceuticals | directed vesicle) insulin gel 2016 2 NCT02794155
& Integrium capsule, the insulin is bound

to HDV. The HDV vesicle is
less than 150 nm in
diameter, and the
phospholipid bilayer has
specific hepatocyte-targeting
molecule (HTM), which in
the latest preparation is
biotin-
phosphatidylethanolamine
(biotin-PE).
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IN-105

Biocon Limited

The tablet formulation IN-
105 oral insulin (now known
as Tregopil) is a modified
form of human insulin where
the free amino acid group on
the Lys-B29 residue has
been covalently bonded via
a non-hydrolysable amide
bond to a small polyethylene
glycol (PEG) molecule. This
modification offers better
stability and reduced
degradation in the presence
of enzymes in the GIT.

2010

NCT01035801

ORA2

Bows
Pharmaceuticals
AG

Insulin in a dextran matrix

capsule.

2009

1&2

NCT00990444

2010

NCT01114750

Nasal Insulin Delivery

Product

Name

Company

Technology

Year
Trial

Started

Phase

NCT Number

Nasulin™

CPEX
Pharmaceuticals

Inc.

The intranasal insulin spray
contains
cyclopentadecalactone
(CPE-215), which is the
main excipient in the

permeation enhancement

technology of CPEX.

2009

NCT00850161

NCT00850096
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1.2.1 Pulmonary insulin delivery

So far only two products, both dry powder inhaler (DPI) insulin systems, have secured
FDA approval; one being Exubera, which also had the EMA (European Medicine
Agency) approval, and Afrezza® [22]—-[24]. Although the product was unsuccessful,
the approval of Exubera in 2006, demonstrated some level of optimism for the
possibility of non-invasive insulin formulations [23]. Afrezza® is an inhaled human
insulin product, which was approved in June 2014 for TLDM and T2DM, but in the UK
and Europe, it is still in phase 3 clinical trials [22], [25], [26]. The insulin is a dry powder
formulation, which is contained in single-use cartridges and consists of 4, 8 or 12 unit
doses of insulin [27]. Upon inhalation, the Technosphere® insulin particles are

aerosolized and delivered to the lung alveoli [28].

Technosphere® insulin is formed through the adsorption of insulin to the carrier fumaryl
diketopiperazine (FDKP), which under acidic conditions, self-assembles into
microparticles of ~2 um [26]. After crossing the alveoli into the bloodstream, the FDKP
molecule remains unchanged and is eliminated by the kidneys [28]. Although patients
will still need to administer their basal insulin, Afrezza® can replace meal-time insulin
[29]. As shown in Figure 1.2, there are many benefits to delivering insulin via the
pulmonary route. Still, some disadvantages also exist, including being inappropriate
for patients with chronic lung disease, owing to the risk of acute bronchospasm. Also,

it is not suitable for smokers or those who have lately quit smoking [22].
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Figure 1.3: Simplified image of the Dance-501 device with separate insulin container.

Adapted from [24].
Another inhaled insulin product, which has completed phase 2 clinical trials, is the
pocket-sized insulin inhaler device Dance-501 [24]. The device, shown in Figure 1.3,
developed by Aerogen, uses a vibrating mesh micropump technology. The advantages
of this device are that it is discrete, compact and battery-operated, and hence the
developers have overcome the disadvantages faced with Exubera [24]. Moreover, the
incidence of coughs is lower in comparison to DPI systems, due to the formulation

being a liquid aerosol system [24].

The insulin release is breath actuated, which, requires initial patient training, which
could result in variable bioavailability similar to current problems faced with such
inhaler devices used for respiratory conditions. Another drawback is that insulin from
a separate container is required to be dispensed into the inhaler reservoir, which adds
an extra step to the administration process, and the manual work could be an issue for

arthritic and elderly patients.
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1.2.2 Buccal insulin delivery

A buccal insulin product, Generex Oral-lyn™ spray, developed by Generex
Biotechnology, for use as prandial insulin in TLDM and T2DM has been approved for
clinical use in Ecuador and Lebanon, however, in Canada, the US and Europe the
product is still in phase 3 clinical trials [15], [30], [31]. The FDA has approved the
product only for the treatment of patients under the Investigational New Drug (IND)
program. This enables accessibility of the device to patients that suffer from severe or
life-threatening T1DM and T2DM who are not eligible for the phase 3 clinical trials, and

there is also no other alternative acceptable treatment [30].

The device used for insulin delivery by Generex Oral-lyn™ is known as RapidMist™.
The critical component of this system is insulin-containing micelles, which are used as
absorption enhancers. Still, the formulation also consists of small amounts of other
excipients that are classified by the FDA as generally recognised as safe (GRAS) [15],
[32]. The insulin-containing micelles (> 7 um) are too big to travel to the alveoli thus
are impacted in the oral cavity. Each canister holds 400 units of human insulin, and
while 1 puff consists of 10 units of insulin, only 1 tenth of the drug is absorbed; therefore
with each spray, only 1 unit of insulin is delivered to the blood circulation [15], [33].
Rationally, many patients require ten units or more of postprandial insulin, some
considerably more, consequently using the device to dispense ten or more puffs each
time can become undesirable and may not be feasible for chronic use. In a study with
T1DM patients, it was observed that insulin delivery with Oral-lyn™ was much faster
compared to sc injections and within 10 minutes insulin levels could be detected in the
blood circulation [34]. Moreover, Oral-lyn™ insulin reached peak insulin levels at 0.5
hours, while sc injections were much slower in contrast. This small study also showed
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buccal insulin could possibly be more reflective of the normal insulin response to meal
intake in non-diabetic individuals, as, at 2.5 hours, Oral-lyn™ insulin had almost
reached baseline, compared to sc injection, which had a slower onset and greater
duration [34]. Although there are several benefits to the Oral-lyn™ device and
formulation, the low bioavailability of the formulation can be the main drawback for the

product in obtaining worldwide approval.

Another buccal insulin product of interest was developed by the joint partnership of
MonoSol Rx and Midatech Ltd [20]. Midatech’s gold nanoparticle (GNP) technology
was combined with MonoSol's PharmFilm drug delivery technology, to form a buccal
soluble film product called MidaForm® Insulin PharmFilm [35], [36]. In this formulation,
the recombinant human insulin (RHI) is bound to glycan-coated gold nanoparticles
through non-covalent binding and embedded in a polymeric mucoadhesive film for
delivery of insulin via the buccal mucosa. It is suggested by Midatech Pharm that the
gold nanoparticle technology aids the permeability of drugs through membranes and
leads to an increase in stability. The particles are also inert and biocompatible [37].
The core of the GNPs is formed from gold metal atoms, which are attached via gold
sulphur bonds to an organic layer of glycans. During the self-formation process insulin,
can attach to the gold core (1-2 nm). In Phase | clinical trials, using insulin aspart, the
formulation was shown to be both well tolerated and safe [20]. Additionally, owing to
their small size GNPs are believed to be eliminated via the liver and kidneys. Although
the technology looks promising, and the company has facilities to scale up the
production of the formulation, Midatech announced in May 2016 that the results of the
Phase 2a clinical trials (MTD101) demonstrated low bioavailability for the transbuccal

film insulin compared to sc insulin [38]. Hence, the company were evaluating their
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options. The product is not on the pipeline list of products for Midatech or MonoSol RX,
now renamed as Aquestive. It is less likely that the development of MidaForm® Insulin

PharmFilm will be advanced.

1.2.3 Oral insulin delivery

Novo Nordisk, in partnership with Merrion Pharmaceuticals, is developing the GIPET
(gastrointestinal permeation enhancement technology) system for oral delivery of
insulin in the form of a tablet [39]. The oral preparation consists of micelles formed with
the aid of patented absorption enhancers, which have the purpose of increasing
absorption across the Gl tract. The main product is known as GIPET | (OI338GT or
NN1953), a long-acting insulin analogue, which has managed to reach phase 2 clinical
trials. Novo Nordisk is also using the GIPET technology to develop oral formulations
of two other insulin analogues known as insulin 287 and insulin 320 (OI320GT or
NN1957), which have both completed phase 1 clinical trials [40]. Other than the basic
information not much can be found about the GIPET formulation or the results of the

trials.

Oramed Pharmaceuticals have an oral insulin formulation, known as the ORMD-0801
capsule, which is being tested in several phase 2 clinical trials in both TL.DM and T2DM
patients [41]. Oramed Pharmaceuticals’ Protein Oral Delivery™ (POD) technology
consists of an enteric-coated capsule that encompasses insulin along with protease
inhibitors and absorption enhancers that aid delivery in the small intestine. In the phase
2 trial (NCT00867594), eight TILDM patients, with uncontrolled blood glucose levels
(HbAlc: 7.5-10%), were trialled with the ORMD-0801 capsules containing 8mg of

insulin in each capsule [42]. In this trial, the patients were asked to self-administer the
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ORMD-0801 capsules three times a day, 45 minutes before their meals, in addition to
their standard insulin therapy. Although the study included a small number of
individuals and a short treatment period of 10 days, the outcome was significantly
reduced glycaemia throughout the day. Additionally, the formulation was tolerated well
by individuals with no hypoglycaemic episodes or adverse events. One of the potential
drawbacks to this formulation is the administration of a large amount of insulin, and,
surprisingly, no hypoglycaemic incidents occurred within the study. Still, the study was
small, and the effects of interindividual variability will more likely be experienced in

more extensive studies.

Diasome pharmaceuticals have designed an oral HDV (hepatocyte-directed vesicle)
insulin gel capsule, in which all the insulin is bound to HDV. The HDV vesicle is less
than 150 nm in diameter, and the phospholipid bilayer has specific hepatocyte-
targeting molecule (HTM), which in their latest preparation is biotin-
phosphatidylethanolamine (biotin-PE), incorporated within its structure [43]. As
reviewed by Geho et al. (2009), this formulation not only improves oral insulin delivery
by shielding insulin from proteolytic enzymes in the upper Gl tract but is also more able
to mimic physiological insulin delivery via HTM guidance towards hepatocytes. This
novel carrier system looks promising, and the FDA has approved it for initiation of
phase 3 clinical trials based on the effectiveness of the delivery system in phase 2
human studies. In comparison to other possible oral insulin formulations, one of the
most promising aspects of this formulation is the amount of insulin contained in each
capsule, which can be as little as 5 units [15], [44]. Accuracy of dosing is highly
essential with insulin treatment. One of the main disadvantages with insulin being given

orally is the possibility that interindividual variability can lead to overdosing, due to both

l4|Page



genetic variations in individuals but also factors such as food and transit time in the Gl
tract. In theory, the risk would be much lower with formulations containing smaller
amounts of insulin; such as with HDV oral insulin, compared to formulations with 150

units or more per dose, such as Capsulin™ IR designed by Diabetology [45].

Oshadi Drug Administrations’ newest formulation is in phase Il clinical trials, and it has
been called Oshadi Icp, as it is a combination of insulin, proinsulin and C-peptide. In
2010, the company made a patent application for their oral insulin formulation in which
it is stated that the preparation comprises “a particulate non-covalently associated
mixture of pharmacologically inert silica nanoparticles having a hydrophobic surface, a
branched polysaccharide, and insulin suspended, embedded or dispersed in an oil or
mixture of oils” [46]. The diameter of the nanoparticles is in the range of 1-100
nanometres. Other than the information obtained from the patent (20100278922) there
is very little information published by the company. The possible reasoning behind the
combination of insulin, proinsulin and C-peptide in the formulation is to reflect a delivery
system similar to endogenous insulin release particular as orally delivery insulin

reaches the circulation via the hepatic portal vein [47].

Biocon Limited’s oral insulin tablet IN-105, now known as Tregopil, is a novel insulin
analogue [48]. Tregopil is a modified form of human insulin where the free amino acid
group on the Lys-B29 residue has been covalently bonded via a non-hydrolysable
amide bond to a small PEG molecule [49]. This modification, in comparison to the
original human insulin, has the advantage of better stability and reduced degradation
in the presence of enzymes in the GIT, possibly due to steric hindrance. The water
solubility of the insulin analogue is also improved and is most likely attributed to the
presence of the PEG modification. Furthermore, in phase | study, it was found that the
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amount of insulin absorbed was adequately significant to cause reductions in plasma
glucose levels, which indicated that the alteration aided absorption of the intact insulin
peptide in the GIT. After administration, based on the initial studies, it was observed
that insulin levels peaked at around 20 minutes and returned to baseline after 1 hour
and 20 minutes, which indicates Tregopil could possibly be useful for control of

postprandial glucose levels [49].

Diabetology is also one of the companies that are developing an oral insulin product,
known as Capsulin™ IR (insulin replacement), which is in the phase 2 stage of clinical
trials [50]. The formulation is a simple mixture, with unmodified insulin (150U or 300U),
contained in a standard enteric-coated capsule [45]. The oral formulation uses the
company’s in-licensed Axcess™ drug delivery technology, which includes a solubiliser
and absorption enhancer but does not include any new chemical entities (NCEs) and
has demonstrated effectiveness in delivering peptides such as insulin [51]. The main
excipients are both pharmacopoeial, and GRAS listed and included an aromatic
alcohol and dissolution aid. The whole formulation has been designed to bypass the
harsh pH conditions of the stomach and to rapidly dissolve in the small intestine

(jejunum), allowing all the components to meet the surface of the intestinal wall.

Bows Pharmaceutical AG was also developing an oral insulin formulation consisting of
insulin in a dextran matrix capsule. Still, it appears that they are no longer active in

promoting the product with the last update being November 2010 [11].

As insulin is hydrophilic, the main route of permeation in the GI tract is via the
paracellular route [52]. It is a relatively high molecular weight drug, and without any

absorption enhancement, the permeability, as well as oral bioavailability, is likely to be
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extremely low [53]. Therefore, most of the oral insulin formulations being developed
include absorption enhancers, but the possible toxicity of such products is a concern

in the long term.

1.2.4 Nasal insulin delivery

CPEX Pharmaceuticals Inc. has developed an intranasal insulin spray, containing
regular short-acting human recombinant insulin, given the trade name Nasulin™. The
main excipient in the nasal insulin formulation is the cyclopentadecalactone (CPE-
215), which according to the company has been proven to enhance absorption and is
known as the permeation enhancement technology of CPEX [54], [55]. CPE-215is a
naturally occurring compound obtained from the plant Angelica archangelica and is
contained in many everyday use products including food ingredients, cosmetics and
personal hygiene. The other components of the formulation include polysorbate 20,
sorbitan monolaurate and cottonseed oil. During the initial studies in healthy
volunteers, it was found that the normal physiological nasal cycle did not result in
clinically significant alterations in insulin absorption. Still, the absorption of insulin was
decreased by roughly 50% in those individuals that were affected by total nostril
blockage [56]. Insulin levels peak at around 10-20 minutes post-administration, and
hence the formulation is suitable for prandial glucose control. Nasulin™ is generally
well tolerated although transient side-effects such as irritation, tickling sensation and
sneezing do occur but tend to disappear on continued dosing. In the study by Stote et
al. (2011) it was concluded that overall, the intrasubject variability of insulin
administered using Nasulin was approximately 40%, which is comparable to that of

regular sc administration of insulin.
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1.2.5 Transdermal insulin delivery

Transdermal
Insulin Patch

U-Strip Transducer
-
%

Figure 1.4: Schematic diagram of the two-component system: U-Strip transdermal insulin patch

attached to the U-Strip transducer or controller.
Notes: Adapted from [57]

In transdermal insulin delivery systems, the product of interest is the non-invasive U-
Strip (Ultrasonic Strip) transdermal patch designed by Transdermal Specialities, which
can be used by both type 1 and type 2 diabetics [58]. As shown in Figure 1.4, itis a
two-component system, consisting of the insulin patch, which uses an absorbent pad
containing up to 150 units of insulin, that is attached to the second component the U-
Strip controller, which is a transducer device that generates a unique alternating
ultrasonic transmission [57]. The U-Strip system utilises two types of ultrasonic
waveforms; initially, sawtooth waveforms are used to expand the pore diameter from
roughly 50 pm to 110 um to facilitate the penetration of large molecules, such as
insulin. Square waveforms are emitted to actively force insulin through the enlarged
pores into the dermis and the blood circulation. The U-Strip device is portable, battery-

operated, and designed to release insulin, specifically insulin lispro, only when the
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ultrasound is activated. It is also programmable, can be worn on either one of the arms
or on the belt, and has a touch screen to enable patients to control both dosage levels
and frequency. Additionally, the device can store data, which is transferable via the
internet and hence can be a useful record for the management of patient’s treatment
and compliance by their healthcare team. Considering that 12 human clinical trials
have been completed successfully and an additional 500 patient experiment is
underway, the technology looks promising, and it will be interesting to see further

developments in the future.

1.3 Introduction to the project

Upon completion of the review and literature search, it was clear several different paths
could be explored to deliver insulin via a non-invasive route, all of which had both
advantages and disadvantages, as shown in Figure 1.2 [1]. The pulmonary route was
one possible direction, as it already has a successful formulation and has benefits such
as extensive surface area and a small barrier for drug permeation. But there are
disadvantages such as variability of absorption, as a result of respiratory factors, and
there are the unknown risks of using insulin long-term in the lungs [17]. The oral route
would be the most convenient and patient-friendly path and possibly more reflective of
physiological insulin delivery. However, insulin is a protein, and after oral intake,
travelling down the gastrointestinal tract (GIT), the low stomach pH will lead to
degradation of the protein. Even if this is overcome, further challenges in the GIT
include enzymatic degradation, low permeability and variability of drug absorption by
the presence or absence of food [15]. These issues, combined with insulin being a

narrow therapeutic index drug, even if the formulation has sufficient bioavailability,
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there is a significant risk that the variations can lead to greater episodes of

hypoglycaemia.

Taking all factors into consideration, the best route for insulin delivery appeared to be
via the buccal cavity, particularly as Oral-lyn™, a buccal formulation, has already
achieved reasonable success and approval. Also, it has good patient acceptability and
short recovery time (4-14 days cellular turnover time), which means the use of
permeation enhancers can be safer compared to other mucosae such as Gl [59], [60].
On completion of the review, the inspiration emerged to produce insulin-containing
vesicles that will be embedded in a mucoadhesive buccal patch formulation. This
motivation mainly stemmed from the following two products; the MidaForm Insulin
PharmFilm® in developed by MonoSol Rx and Midatech and HDV insulin produced by

Diasome Pharmaceuticals [36], [43], [61].

1.3.1 Overview of the buccal cavity

The oral cavity consists of several parts: lips, tongue, gingiva, hard palate, soft palate,
cheek and the floor of the mouth [62]. The oral mucosa is composed of several
structures an outermost layer of stratified squamous epithelium, followed by the
basement membrane, the lamina propria and then the submucosa [13], [63]. In terms
of drug delivery, the two most important areas are identified as sublingual, which
consists of the floor of the mouth under the tongue and the buccal mucosa, which is
the inner lining of the cheek [64]. In the buccal mucosa, the epithelium is roughly 40-
50 cell layers thick (0.5-0.8 mm), and there are slightly fewer layers in the sublingual
area [13], [64]. These two regions are the most permeable areas of the oral cavity and

consist of non-keratinised mucosae [12]. Keratinised and non-keratinised mucosae

20|Page



vary in the composition of intercellular lipids, as well as how the lipids are packed [64],
[65]. In keratinised tissue, such as the gingivae and hard palate, the intercellular space
contains neutral lipids (e.g. ceramides and acylceramides), and are in a more ordered,
lamellar state [13]. Whereas in non-keratinised mucosa the lipids are in a more
amorphous state, with intermittent short stacks of lipid lamellae. Acylceramides are
absent in non-keratinised tissue, and they only contain small amounts of ceramides
and neutral but polar lipids (mainly cholesterol sulphate and glucosylceramides) [66]—
[68]. Consequently, non-keratinised tissue offers less hindrance in the diffusion of

molecules compared to keratinised mucosa [64].

1.3.2 Transport pathways

In the buccal mucosa, drugs can permeate via two pathways [13]. As reviewed by
Rathbone and Tucker, the diffusion can occur either through the paracellular pathway
(via intercellular space between the cells) or the transcellular pathway (intracellularly
across epithelial cells) depending on the physicochemical properties of the diffusing
molecule [69]. It has been suggested that both hydrophilic and lipophilic molecules can
permeate via either of the pathways and even simultaneously [13], [69]. Hydrophilic
drugs may traverse through the transcellular pathway by utilizing the aqueous pores in
the plasma membrane of epithelial cells [69]. Once inside, the drug can cross the cell;
either by simple diffusion or using specialised transport mechanisms. Lipophilic drugs,
on the other hand, would penetrate transcellularly using the lipid bilayer of the plasma
membrane. However, the paracellular route is the predominant transport pathway for
many drugs [69]. Lipid soluble drugs cross via the paracellular way by diffusing through
intercellular lipids. While water-soluble drugs utilise aqueous channels in the
intercellular space [69]. It is proposed peptides and proteins, such as insulin, permeate
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via the intercellular route due to their higher solubility in the aqueous fluids of the

intercellular spaces [64].

1.3.3 Saliva and enzymatic activity

Saliva secretion occurs mainly by the parotid, submaxillary and sublingual glands,
which are the major salivary glands but also via the buccal or minor salivary gland [70].
At rest, the pH of the saliva is around 6.6, which is slightly acidic, but upon stimulation,
it increases to approximately 7.4 due to a rise in bicarbonate ion concentration [71].
Although enzymes, inorganic salts, lipids and mucin are present in saliva, water (95-
99% per weight) is the main component [64]. The presence of saliva usually is
beneficial in keeping the buccal cavity lubricated. Still, in terms of drug delivery, the
presence of excess saliva can lead to a reduction in the contact time of drugs by
removal of drug/formulation from the site of absorption [72], [73]. The buccal cavity, in
comparison to the GIT, has less enzymatic activity, which provides a more favourable
environment for the delivery of peptide and proteins, such as insulin, which are
susceptible to enzymatic degradation [59], [62], [64]. However, the enzymatic activity
cannot be disregarded; hence the use of bioadhesive devices/formulations which can
help with exposure to enzymes and saliva by protecting the drug for a more extended

period and increasing drug contact time at the site of absorption [64], [74].

1.4 Delivery of insulin via the buccal mucosa

For small molecular weight drugs, such as glyceryl trinitrate, the sublingual mucosa
can be seen as a more favourable region compared to the buccal mucosa due to the
higher permeability and more rapid absorption [12], [13]. But for many drugs, the

location is unsuitable due to the difficulty of finding sufficient smooth surface area and
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achieving reasonable contact time, due to absence of immobile mucosa and the
frequent washing of the region by saliva [13]. Although the buccal mucosa is thicker, it
has an expanse of smooth muscle, to enable placement of formulation, and the area
is reasonably immobile, which can make it suitable for retentive devices [13], [75].
Hence the buccal mucosa can be a possible target for delivery of drugs, such as

insulin, via a controlled release formulation.

The advantage of the buccal mucosa is that it is a highly vascularized surface and drug
delivery generally occurs through simple diffusion via the paracellular route. Once
peptides and proteins permeate the buccal mucosa, via the intercellular spaces, they
enter the lamina propria, the connective tissue, which has a network of capillaries [64],
[76]. When the drug reaches the blood, this route provides direct access to the
systemic circulation via the jugular vein, which enables bypass of hepatic first-pass
metabolism [59], [60], [75], [76]. In the buccal cavity, other routes such as pinocytosis,
active transport, and passage through the aqueous pores do exist but usually play
minor roles in drug transport across the mucosa [75]. Although permeability is higher
in the buccal mucosa, compared to skin, it is still a significant barrier for proteins
crossing the buccal membrane [76]. As the paracellular pathway is suggested to be
the main route utilised by proteins, the foremost hurdle to buccal mucosal permeation,
is the intercellular lipids. However, factors such as saliva and enzymatic activity in the

oral cavity must also be taken into consideration in the formulation design.

Permeability is one of the main barriers for drug delivery of proteins across mucosal
membranes, such as in the buccal cavity. Hence to increase the likelihood of proteins
permeating the oral mucosa permeation enhancers need to be present in the
formulation. As comprehensively reviewed by Verma et al. (2011) there are many
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classes of permeation or penetration enhancers including surfactants, bile salts,
chelating agents, monohydric alcohols, liposomes and cationic polymers (e.g.
chitosan) [77]. The mechanism of penetration differs depending on the type of
enhancer. Chelating agents, such as sodium citrate and EDTA, are suggested to act
by interfering with calcium in the membrane. Positively charged polymers, e.g. chitosan
possibly acts via ionic interaction with the negatively charged mucosal surface. The
primary mechanism for surfactants, e.g. Tweens, Spans and bile salts, is thought to be

the perturbation of intercellular lipids [77].

1.5Lipid-based vesicles as delivery systems

The ability of lipid-based vesicles to enhance drug delivery is possibly due to the
synergistic effect of being drug carriers as well as permeation enhancers [78].
Niosomes, liposomes and transfersomes are examples of lipid-based vesicles. One of
the main advantages of these vesicles compared to polymeric nanoparticles is their
ability to encapsulate both hydrophilic and hydrophobic drugs [79]. Ordinarily,
hydrophilic drugs are entrapped within the aqueous interior of these vesicles, while
lipophilic drugs are embedded in the bilayers [78], [80]. Drug entrapment occurs during
the self-assembly stage when the non-ionic surfactants or phospholipids form closed
bilayered structures to achieve the most thermodynamically stable state [81]. This
happens due to the inclination for the hydrophobic chains to minimise contact with the
aqueous media and hence vesicles are formed with the hydrophilic or polar head group
facing the agueous bulk and the hydrophobic chains facing each other within the
bilayer. Generally, energy from heat or agitation is required in forming bilayered
structures [82]. The composition of niosomes/liposomes can affect their

physicochemical properties such as morphology, charge, lamellarity and elasticity.
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Other than the surfactant niosomes and liposomes can include other components such

as cholesterol and charged molecules.

1.5.1 Advantages and disadvantages

Other than the incorporation of both hydrophobic and hydrophilic drugs, these vesicles,
as reviewed by Sharma et al. 2019, can offer many other advantages to the delivery
of pharmaceutical products [80]. Benefits include improving solubility, reducing the rate
of degradation, enhancing drug permeation, prolonging of drugs within the circulation,
and overall, there is flexibility in their design based on desired therapeutic outcomes.
There are also some possible disadvantages such as low drug entrapment and stability
issues, which can lead to problems of drug leakage during storage and transport. But
it has been suggested that these vesicles are more stable encapsulating

macromolecules, such as insulin, compared to low molecular weight drugs [83].

1.5.2 General preparation techniques

1.5.2.1  Thin layer hydration (or hand-shaking method)

This method involves all the ingredients (surfactants/lipids) being dissolved in volatile
organic solvents (e.g. chloroform/methanol) in a round bottom flask. Then the organic
solvent is evaporated, under vacuum (i.e. reduced pressure), by using a rotary
evaporator. This leaves a thin surfactant/lipid film on the wall of the round bottom flask,
which is hydrated with an aqueous solution (with or without drug). To form
niosomes/liposomes/transfersomes the hydration step needs to be carried out at a

temperature above the phase transition temperature of the phospholipids/surfactants
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and with gentle agitation for a specified period [81], [84]. This method has been used

to form insulin-containing niosomes [85].

1.5.2.2 Reverse phase evaporation

In this procedure, initially, the surfactants/lipids are dissolved in an organic solvent
while the drug is dissolved in an aqueous phase. Then a mechanical or sonication
method is used to emulsify the two phases and create a water-in-oil emulsion.
Subsequently, the slow elimination of the organic solvent, under reduced pressure,
leaves a gel-like mixture. Sometimes further hydration of the mixture is required to form

a dispersion of large vesicles [83], [86].

1.5.2.3 Ethanol injection

This method firstly requires dissolution of the drug and lipids/surfactants in ethanol.
Successively, the mixture is rapidly injected into the aqueous phase (60°C) under
magnetic stirring. To remove the residual ethanol, the product is then transferred to a
rotary evaporator (60°C), and the ethanol is evaporated under vacuum. This results in

the production of the vesicles.

1.5.2.4  Ether injection

This technique involves the lipids/surfactants being dissolved in either diethyl ether or
a combination of ether and methanol, which is slowly injected into the aqueous solution
containing the drug to be encapsulated. This is done while maintaining the temperature
above the boiling point of the organic solvent. The removal of the organic solvent leads

to the formation of niosomes/liposomes [87].
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1.5.2.5 Trans-membrane pH Gradient Method

This technique is similar to the hand-shaking method. The main difference is being,
after rotary evaporation of the organic solvent, the surfactant/lipid film is hydrated, by
vortex mixing with an acidic solution; commonly citric acid (pH 4). This results in the
formation of multilamellar vesicles, which are put through freeze-thaw cycles and
subsequently sonicated. To encapsulate a drug, first, the vesicle dispersion is mixed
with the aqueous drug solution, then a pH gradient is created by the addition of a base
(e.g. disodium phosphate) [88]. Increasing the pH to 7-7.2 in the aqueous surrounding
the vesicles results in the formation of protonated as well as unprotonated drug. The
unprotonated neutral drug can permeate and enter niosomes/liposomes. After entry
into the acidic environment, the drug becomes protonated and is confined within the
vesicles. This form of entry continues until an equilibrium of drug concentration is

achieved [81].

1.5.3 Liposomes

Liposomes, discovered in 1965, are closed bilayered structures formed using
phospholipids such as phosphatidylcholine and phosphatidylethanolamine [89], [90].
The benefits of liposomes, as drug carriers, include their low toxicity profile, their
biodegradability, and biocompatibility [91]. The first such product to obtain FDA
approval was the liposomal formulation of doxorubicin, Doxil®, in 1995 [92]. As
reviewed by Bulbake et al. (2017), due to the advantages offered by these vesicles,
there are numerous drugs encapsulated in liposomal formulations that are now
approved and available for human use [90]. These formulations have been taken

advantage of in many areas of therapy particularly in cancer with products like
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DaunoXome® (daunorubicin) and Onivyde® (a combination of 5-fluorouracil and
leucovorin) but also other areas, such as Ambisome® (amphotericin B), for the

treatment of fungal infections [90].
1.5.4 Niosomes

Niosomes are bilayered vesicular systems, similar in structure and function to
liposomes, but are formed from the self-assembly of non-ionic surfactants in aqueous
media instead of phospholipids [81], [93]. Niosomes, likewise to liposomes, can be
categorised into three groups based on their size: small unilamellar vesicles (25-50
nm, SUV), multilamellar vesicles ( 2 50 nm, MLV) and large unilamellar vesicles ( 2
100 nm, LUV) [88]. The diameter of MLVs are expected to be between 100 and 1000

nm, while LUVs are roughly around 100 to 250 nm [94].

1.5.5 Transfersomes
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Figure 1.5: A schematic diagram representing the mechanism of permeation enhancement of
water-soluble drugs by transfersomes across membranes.

Notes: Modified from [95] for buccal delivery and information for the radius of the pore size of porcine
buccal mucosa (1.8-2.2 nm) obtained from [96].
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Numerous vesicular systems have been investigated to increase the permeability of
proteins, such as insulin, across the buccal membrane; the mechanism is shown in
Figure 1.5. Transfersomes (also known as flexible liposomes, elastic liposomes or
ultradeformable liposomes), are relatively novel drug delivery systems, in which the
bilayer consists of a combination of phospholipids and edge activators. As reviewed
by Abdelkader et al., (2014) the concentration of edge activator can vary from 20-50%
(mol/mol) [97]. The advantage of these vesicles compared to ordinary liposomes and
niosomes is that they are metastable. This allows them to be highly or ultra-deformable
and hence able to squeeze through pores, under non-occlusive conditions, up to one-
tenth smaller than their size. As a result, particles of 200-300 nm can penetrate the
intact skin [98]-[101]. A substantial number of studies are related to the use of
transfersomes to enhance drug delivery across the skin. Still, fewer studies can be
found that have investigated the mechanism of such vesicles for improving drug
delivery in the buccal cavity. In theory, the structure of the skin closely resembles the
buccal membrane, but with better permeability, thus greater enhancement of drug
delivery may be possible [102]. In transfersomes, the surfactant (or edge activator) is
an essential component in achieving membrane deformability by destabilizing the
bilayer and lowering the interfacial tension. These are often single-chain surfactants

such as Span 80/60 and Tween 80/60 [103].

1.5.6 Other components in nanovesicles

1.5.6.1 Cholesterol

The presence of cholesterol can affect the fluidity and permeability of the bilayer and

influence the size and entrapment efficiency of the vesicles. Cholesterol is one of the
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ingredients most frequently found in niosomes and liposomes [83]. This is because, for
some lipids and surfactants, the inclusion of cholesterol is essential for vesicles to be
formed. For example, a study found in the absence of cholesterol Span 60 niosomes
created a gel, whereas, in its presence, a homogenous niosomal dispersion was
formed [104]. The presence of cholesterol in the formulation requires a balance. This
is because studies suggest the inclusion of cholesterol in vesicles leads to an increase
in encapsulation efficiency (EE); however, it can also result in an increase in the
hydrodynamic diameter of the vesicle and increase rigidity. This increase in rigidity is
due to cholesterol being a lipid that fills empty spaces within the bilayer and acting like
a “mortar”, which may benefit the stability and leaking of the drug. Still, it can also mean

a reduction in the release rate of the encapsulated drugs [88], [97].

1.5.6.2 Charged molecule

To increase stability and prevent aggregation, charged molecules are sometimes
included, as additives, in the formation of vesicle [105]. The improvement in stability
occurs via electrostatic repulsion as; theoretically, all the vesicles will be of similar
charge, positive or negative; thus adjacent vesicles will repel each other and remain
discrete preventing their aggregation and fusion [105]. As reviewed by Yeo et al. 2018,
dicetyl phosphate (DCP) is a well-known negatively charged molecules used in
niosomal preparations while stearylamine and cetylpyridinium chloride are common

positively charged molecules [82].

1.5.6.3 Polyethylene glycol

PEGylation, as the name suggests, is the covalent linkage of PEG to a targeting
moiety. PEGylation of liposomes aims to develop delivery systems that enhance the
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drug half-life of liposomes by hindering their recognition by phagocytic cells [90], [106].
Furthermore, this process leads to alterations in the physicochemical properties of
liposomes, such as particle size, which can also affect their clearance by the renal

system and hence further prolong drug circulation time [90].

1.6 Buccal patches/fiims as delivery systems

Formulating a patch for drug delivery in the buccal cavity requires several
considerations, although the most critical factors are the projected time of action and
the drug dosage. Still, other factors also need to be well-thought-out such as physical
appearance and drug stability [107]. For a buccal formulation, the maximum duration
should be around 4-6 hours [77]. This suggestion is reasonable as any patch that must
be maintained in the mouth for longer than 6 hours would likely cause discomfort for
the patient and may result in reduced patient compliance. The primary purpose of using
a patch is to deliver, as well as increase contact time for the drug at the site of
absorption. Several drugs in the European market are available in buccal film
formulations, which are designed for systemic drug delivery; such as fentanyl (Breakl)
for pain relief, nicotine (Niquitin) for smoking cessation, and the antiemetic
ondansetron (Setofilm) [61]. However, these are all small active pharmaceutical
ingredients, and yet there are no buccal films approved for delivery of large
macromolecules, such as insulin [61]. Thus, this indicates the production of a
successful buccal formulation, will require not only greater contact time for drug

absorption but also permeation enhancers to assist in the penetration of insulin.
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1.6.1 Methods of forming patches

1.6.1.1  Solvent or film casting method

This method is the most popular for buccal film production, which is possibly due to the
ease and low cost of processing, as well as the ability to produce films with uniform
thickness [108]. The method involves creating a homogeneous solution or suspension
by dissolving or mixing the excipients and the drug in a solvent, such as water or
ethanol [61]. This step is then followed by degassing to remove the entrapped air. The
solution or mixture is then transferred to a mould and dried. After drying the film is
ready and removed from the mould [61]. In this technique, the choice of solvent is
important, as using water may not be suitable for heat-sensitive drugs, such as
proteins, as the temperature to evaporate water can denature proteins. But the use of
more volatile solvents also needs to be carefully considered as there is potential for
trace amounts of the solvent remaining in the formulation and even the risk of

occupational solvent exposure during manufacture [61].

1.6.1.2 Hot-melt extrusion

In this method, the drug and excipients are weighed and then loaded into one or more
hoppers, which leads into the extruder [109]. The screws present within the extruder
move the material towards the heated section, which results in both the mixture melting
and mixing. The extrudate is then put through a flat die to form films. Elongation rollers
and cooling elements are used to control factors such as film thickness [61]. This
method is mainly used for small molecule drugs. Due to the exposure of the
ingredients, including the drug, to elevated temperatures and high pressure the use of
this method with proteins is likely to lead to their denaturation [61].
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1.6.1.3 Freeze-drying

The use of freeze-drying as a process to form films or patches is less common,
compared to the previously mentioned methods, thus not often referred to in reviews.
Lyophilization or freeze-drying as the name suggests is the removal of solvents from
frozen solutions or suspensions, which contain both the drugs and the excipients [107].
The advantage of the method, particularly for heat sensitive drugs such as proteins, is
that the whole process is carried out in the absence of elevated temperatures. Another
benefit may also be the formation of films that comprise of glassy amorphous
structures, which can improve the drug dissolution rate [107]. Several studies have
formed buccal patches/wafers/films/sponges, using this method, and a few of the

studies were in particular related to protein delivery systems [107], [110], [111].

1.6.2 Mucoadhesive polymers

1.6.2.1 Mucoadhesion

Mucoadhesion is a term used to describe the adhesion between a synthetic surface
and a mucosal membrane [112]. As summarized by Smart (2005) and Shaikh et al.
(2011), there are six theories to explain the phenomenon of mucoadhesion: adsorption,
diffusion, electronic, fracture, mechanical and wetting theory [113]. In the adsorption
theory, the main contributors to adhesion are hydrogen bonding and van der Waals’
forces. The diffusion theory involves the interdiffusion of polymer chains across an
adhesive surface; thus, the process is affected by the accessibility of molecular chain
lengths and their mobilities. The electronic theory is suggested to occur owing to
differences in the electronic structure of the adhering surfaces, which results in the
transfer of electrons upon the interaction of the surfaces [114]. The fracture theory
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varies from all the other theories, as it describes the adhesive strength based on the
forces required for the two surfaces to be detached. The mechanical theory is the
assumption that adhesion develops as a result of interlocking of liquid adhesive into
irregularities on a surface [113]. The wetting theory, mainly involving liquid systems, is
the capability of a liquid to spontaneously spread onto a surface for adhesion to occur
[113]. Mucoadhesion, however, is a complex phenomenon and often cannot be simply
described by one theory. Particularly as in the oral cavity, the dry or partially dry oral
dosage form may encounter mucous membranes that have thin and discontinuous

mucus layers.

Generally, two steps are involved between the mucoadhesive device and the mucous
membrane; an intimate contact stage (wetting) and a consolidation stage
(physicochemical interactions) [113]. Mucoadhesive formulations adhere most
strongly, only after initial activation by moisture, to solid dry surfaces [113], [115]. The
presence of moisture is critical to enable the mucoadhesive molecules to move
spontaneously, adapt to the structure of the surface, and bond using forces such as
van der Waals’ and hydrogen bonding. Moisture essentially acts as a plasticiser [113].
Generally, although hydrogen bonding is valuable, the bonding implicated in
mucoadhesion is heterogeneous, hence challenging to identify the exact bonds and
groups involved [116]. The standard film-forming polymers (also known as first-
generation mucoadhesive polymers) include chitosan, hydroxypropyl methylcellulose
(HPMC), methylcellulose, pullulan, polyacrylate and polymethacrylate derivatives and

sodium alginate [61].
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1.6.2.2 Cellulose derivatives

A wide variety of cellulose derivates exist, but a few are commonly used for their
mucoadhesive properties. One prevalent derivative, which is indicated to have the best
mucoadhesive characteristics is the anionic carboxymethylcellulose (CMC) [115].
CMC is also biocompatible and has excellent stability properties. Other mucoadhesive
derivatives are the following non-ionic forms of cellulose: hydroxyethyl cellulose
(HEC), hydroxypropyl cellulose (HPC) and HPMC [117]. HPMC is suggested to have
moderate mucoadhesive properties [117]. However, in a study comparing several
polymers, including sodium carboxymethyl cellulose and HPMC, it was found that
although CMC had excellent mucoadhesiveness, the excessive swelling resulted in
volunteers complaining due to the formulation causing difficulty in speaking [118]. The
optimum mucoadhesive formulation in the study contained HPMC as the main

component [118].

1.6.2.3 Chitosan

Chitosan is a polysaccharide, derived from the deacetylation of chitin; it is one of the
most extensively researched cationic polymers [117], [119]. In terms of chemical
structure, chitosan comprises of D-glucosamine with occasional N-acetyl-D-
glucosamine units, which are held together via B(1—4) linkage [120]. The physical
properties of the polymer are affected by the degree of deacetylation. The
mucoadhesion properties of chitosan is a combination of hydrophobic interactions as
well as ionic and/or hydrogen bonding with the negatively charged mucous surface
[121]. The advantages of using chitosan are that it is biodegradable, biocompatible and

has low toxicity [117]. Although not yet FDA approved for oral drug delivery, chitosan
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has been approved by the FDA and EU for other purposes. Thus, the likelihood of

approval is strong if a successful formulation is produced [120], [121].

1.6.2.4 Alginates

Alginates are anionic and are found to have excellent mucoadhesive properties [122].
They are natural polymers, which are biodegradable and biocompatible, sourced from
algae, bacteria, and seaweed [117]. These are linear polysaccharides composed of
varying ratios of mannuronic acid and guluronic acid units [122]. It has been found that
the extent of interaction of these polymers with mucin, which consequently affects their
mucoadhesive properties, is determined by their chain flexibility and their molecular

weight [123].

1.6.2.5 Polyacrylates

These are acrylic acid polymers that are cross-linked with polyalkenyl ethers or divinyl
glycol [117]. There is a wide range of these synthetic polymers available, and their
popularity is due to their excellent mucoadhesive characteristics, non-toxic nature and
they are also classified as GRAS ingredients by the FDA [117]. The mucoadhesive
properties of poly (acrylic acid) (PAA) is due to possession of carboxylic groups, which
enables them to form hydrogen bonds with the oligosaccharide chains of mucin [117].
Additionally, the mucoadhesion is enhanced by the physical entanglement that occurs
between the PAA and the mucus layers. Thus, a combination of hydrophobic
interactions and adhesive forces (i.e. hydrogen bonding and van der Waals) is involved
in the adhesion process. Two types of derivatives of PAA that are highly studied
regarding their mucoadhesive properties is polycarbophil (Noveon®) and carbomer
(Carbopol®) [124]. Mucoadhesive carbomers, like Carbopol® 934P, 971P and 974P,
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have no residual benzene content, which enables them to be used to produce oral
formulations [117]. Carbopol offers advantages in sustained drug delivery and
formation of pH-sensitive delivery systems. This is the result of the carboxyl groups of
the polymer, which at highly acidic environments (pH 1.2) do not dissociate. Still, at pH
values nearing neutrality (pH 6.8) the carboxyl groups dissociate producing swollen
gels [125]. Although this can be useful for oral formulations designed to bypass the
stomach, in the buccal cavity, the swelling may cause discomfort for patients and cause

potential compliance issues [117].

1.6.3 Cryoprotectants

Proteins and delivery systems, such as liposomes and nanoparticles, can be unstable
in the liquid state. Freeze-drying can be a valuable method to stabilize both proteins
and liposomes, through the formation of a solid dosage form [126], [127]. However, a
cryoprotectant/ lyoprotectant may be required, to protect the liposomes and the protein
against morphological changes during the freezing process as well as sublimation
[126]. The role of cryoprotectants is particularly crucial for proteins, as they are needed
to replace the hydrogen bonding of the protein, which is lost on the removal of water
molecules [127]. Thus, incorporation of insulin-containing liposomes within the patch
requires the presence of cryoprotectants such as trehalose, sucrose, glucose, fructose
or sorbitol [128]. In a study, working with insulin loaded poly (lactic-co-glycolic acid)
(PLGA) nanoparticles found the presence of a cryoprotectant before freeze-drying
increased insulin structural stability by up to 79% [128]. In this study, sorbitol was found

to be highly aiding in the stabilisation of insulin during storage.
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1.6.4 Organoleptic

Numerous drugs substances, in their natural state, are unpalatable and unattractive
[129]. Thus, they may necessitate supplementation with flavours and/or colours. Taste
buds of the tongue react rapidly to flavours; hence the taste of formulations is
particularly important for material delivered via the buccal cavity. The addition of
flavours can help disguise specific tastes of drugs; for example, citrus flavours can help
mask sour or acid-tasting drugs while bitter taste can be masked with sweetening
agents. There are several sweetening agents available such as sucrose and sodium
saccharin, but the agent recommended that diabetic individuals are sorbitol.
Furthermore, if the formulation is to be used by children, they generally prefer a sweet

taste [129].

1.6.5 Plasticisers

In some formulations, the presence of plasticisers is necessary to enable the dosage
form to have flexibility and resistance [112]. Additionally, these additives aid the
mechanical properties of films by improving factors such as tensile strength [61].
Common plasticisers include triethyl citrate, PEG, castor oil, glycerol, and sorbitol. In
literature PEG 400 has been incorporated in formulations both as a plasticiser, to

improve the flexibility of films, but also to aid in the removal of films from moulds [107].

1.6.6 Drug release: application of mathematical modelling

Often the data obtained from in vitro release studies from the patch formulation can be
correlated to various kinetic models, which can help to understand the mechanism of

drug release from the formulation [130].
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Equation 1.1

Q: = Qo + Kot

Zero-order release kinetics is explained by Equation 1.1, where Qtis the amount of
drug dissolved in time t, Qo is the initial amount of drug in solution and the zero-order
release constant is represented by Ko [131]. Fitting data into zero-order release kinetics
can be done by plotting the cumulative amount of drug released versus time [130]. As
suggested by Jain and Jain (2016), zero-order drug release kinetics may be desirable
for formulations intended for slow and prolonged release drug delivery [132].

Equation 1.2
Log C = Log Cy — Kt/2.303

First-order drug release is represented by Equation 1.2, where Co is the initial drug
concentration, K is the first-order rate constant, and tis the time [131]. Fitting of release
data in a first-order model is via plotting of cumulative log percentage of drug remaining
versus time. This model can be used to express the release of water-soluble drugs

from porous matrices [133].

Equation 1.3
Q¢ = Ky x t'/?

The simplified Higuchi model can be expressed by Equation 1.3, where Q: is the
amount of drug released at time t¥? and Ky is the Higuchi rate constant [131]. To fit
data to this model, the cumulative percentage drug release against the square root of
time is plotted. In this model a few assumptions are made (i) the initial concentration

of the drug is higher in the matrix in comparison to drug solubility; (ii) Drug diffusivity
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is constant; (iii) the size of particles are smaller compared to the thickness of the
system; (iv) there is negligible polymer swelling, and dissolution; (v) drug diffusion only
occurs in one dimension; and (vi) sink conditions are maintained in the release
environment [131]. This model, proposed by Higuchi in 1961, was the first to describe
drug release from sustained-release medication in particular solid drugs dispersed in
solid matrices [134]. However, the model has been applied to many types of systems,
and numerous studies, as summarised by Jain and Jain (2016), have related the

Higuchi model to the mechanism of drug release from liposomal formulation [132].

Equation 1.4

M

The Korsmeyer-Peppas model is described by Equation 1.4, where M,/M,, is the
fraction of drug released, K is the kinetics constant, t is the release time, and n is the
diffusional release exponent [131], [135]. The exponent n characterizes the
mechanism of release and for cylindrically shaped devices when n is 0.45 the
mechanism of release is Fickian diffusion release, 0.45 < n < 1.00 is Anomalous (non-
Fickian) diffusion (both phenomenon of diffusion and polymer relaxation). When n is 1
it represents zero-order release [131], [136]. To fit data into this model, typically, the
initial 60% drug release is plotted [132]. This model was initially used to study the
mechanism of drug diffusion from polymeric systems; however, many researchers
have reported the fitting of this model to drug release for many types of delivery

systems [132], [135].
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1.7 Aim and objectives

The primary purpose of this research was to produce a novel insulin delivery system
that accomplished the ideal characteristics summarised by Verma et al. (2011). These
characteristics include fast adherence to the buccal mucosa, enhanced insulin
absorption, the unidirectional release of the drug, safe and does not aid or cause
infections such as dental caries, and will not cause obstruction to regular activity in the
buccal cavity, [77].

% Phospholipid molecule

Permeation of insulin containing transferosome across buccal membrane
¢ Surfactant molecule

& Insulin

(embedded in mucoadhesive layer)

Transferosomes containing insulin

Buccal membrane

(e.g. sodium alginate, Carbopol,

Porous mucoadhesive layer
hypromellose)

Impermeable backing layer
(e.g. 5%w/v ethylcellulose)

Figure 1.6: Schematic diagram of two-layered patch consisting of a mucoadhesive layer
containing transfersomes, which will attach to the buccal membrane, and an
impermeable backing layer that will protect the mucoadhesive layer from exposure to the
conditions in the mouth. The image also displays the direction of patch attachment and

permeation of insulin-containing transfersomes across the buccal membrane.

Hence the overall aim of this research was to attempt delivery of insulin via the buccal
mucosa through the preparation of a double-layered patch, consisting of a

mucoadhesive layer and an impermeable backing layer. The mucoadhesive layer, as
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shown in Figure 1.6, would have insulin incorporated ultradeformable vesicles, i.e.

transfersomes, embedded inside.

Overall objectives:

» Development and validation of analytical methods (high-performance liquid
chromatography, HPLC) for the identification and quantification of insulin and
atenolol (control)

» Formation of niosomes for selection and optimisation of cholesterol, charged
molecule and Span content (Spans 20, 40, 60, or 80) for the production of
transfersomes

» Development of transfersomes with an optimised combination of non-ionic
surfactants, phospholipid, cholesterol and charged molecule or bile salt

» Testing the final transfersomal formulations for toxicity and permeability studies
using TR146 buccal cells.

» Assessment and selection of polymers to form the mucoadhesive layer
optimised to create aesthetically appealing patches after freeze-drying and to
include an appropriate concentration of cryoprotectant

» The final transfersomal formulations combined with the optimised patches and
tested for release studies (including mathematical modelling) and
characterisation studies such as X-ray diffraction (XRD) and differential

scanning calorimetry (DSC).
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2. Analytical method development for insulin and atenolol

2.1 Introduction

Human insulin is typically preferred, over porcine and bovine insulin, as the latter two
differ slightly by a few amino acids, and thus side reactions are more common [137]. It
is a protein; hence it is a relatively large molecule with a molecular weight of 5808 Da
[137]. There are three forms of analytical techniques that we can use to detect and
analyse insulin. As reviewed by Shen et al. (2019), these are immunoassays, the
newer techniques known as electrochemical biosensors and the popular

chromatographic methods [138].

Enzyme-linked immunosorbent assay (ELISA) is an important type of immunoassay
that works by the detection of a target antigen (analyte) within samples, which in this
case is insulin [139]. One widely known ELISA assay for insulin is the sandwich ELISA,
which quantifies the amount of insulin bound between a matched pair of antibodies
[138]. In this method, the insulin-specific capture antibody is pre-coated in the wells so
that when insulin-containing samples are added, they bind to the immobilized antibody.
A second detection antibody is then added to form a sandwich, and any unbound
antibody is washed off. Subsequently, a chromogenic substrate solution is mixed with
the insulin complex, and an acid is added for termination of the reaction. The colour
produced at the end of the assay is measured using a spectrophotometer to quantify
the amount of insulin [138], [140]. Although this type of assay can be highly specific
and can detect and quantify insulin at low concentrations, there are also disadvantages
to this type of technique. Downsides can be high cost, antibody instability and thorough

optimisation is required; to prevent false positive or negative results due to influence
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of background noise reactions [139], [141]. Other modified ELISA assays have also
been developed, such as the amplified luminescent proximity homogenous assay
(AlphaLISA) and another known as homogeneous time-resolved fluorescence (HRTF).
A few other types of immunoassays that have shown good insulin selectivity include
chemiluminescence immunoassay (CLIA), radioimmunoassay (RIA), and on-chip

immunoassay.

Electrochemical biosensors consist of four parts: the analyte (e.g. insulin), the bio-
recognition element, the transducer and the instrumentation [142]. The bio-recognition
element enables the selective identification of insulin. When an analyte binds to the
bio-recognition element, the transducer, in the device, converts the interaction to an
electrical signal (i.e. electrical current or voltage) [142]. The final essential component,
which acquires and records the electrical signals from the transducer, is the
instrumentation. There are different types of biosensors, and one method of their
classification is via the type of response generated: potentiometric (DC electrical
potential), amperometric (DC response current) and impedimetric (AC signals).
Advantages of these electrochemical biosensors are that they can be robust, cost-

effective and can be less susceptible to interferences from non-specific binding [142].

One of the most common methods for insulin detection and quantification is
chromatographic analysis. The advantage of this type of analysis is also the capability
to detect degradation products. Hence the method can be stability indicating, which is
vital for proteins, as they are highly susceptible to degradation, particularly in agueous
solutions [143]. Reversed-phase HPLC (RP-HPLC) is a popular chromatographic

method for insulin and is generally combined with a detector to generate quantitative
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data. Conventional detectors include ultraviolet (UV), diode array and mass

spectrometry (MS).

2.1.1 Reverse-phase high-performance liquid chromatography

RP-HPLC, operates through a combination of nonpolar stationary phase and a polar
mobile phase, hence the separation and elution time of the molecule depends on the
hydrophobic nature of the molecule [144], [145]. The hydrophobic environment of the
column, i.e. the stationary phase, is formed by the bonding of inert silica to hydrocarbon
chains. This leads to the column having a higher affinity for hydrophobic compounds.
Thus, when molecules, contained in the aqueous phase, pass through the column, the
more hydrophobic molecules adsorb on to the stationary phase, and the more
hydrophilic molecules pass through the column and are eluted first. Therefore, the
elution of the molecule will depend on the polarity of the molecule and the polarity of
the mobile phase. The less polar the molecule, the greater the interaction with the
stationary phase. Hence, a higher concentration of organic solvent (e.g. acetonitrile,
ACN) would be required to reduce the interaction and for the molecule to elute. RP-
HPLC can be via either an isocratic method (the ratio of organic solvent is maintained
the same throughout) or via gradient method (the concentration of organic solvent is
increased over a specified time) [144]. Other factors that can affect separation include
the organic solvent composition, temperature and ionic modifiers [146]. Although there
are a few ion-pairing agents available such as formic acid, phosphoric acid and acetic
acid the additive trifluoroacetic acid (TFA), is a more commonly used agent with
proteins due to its volatility [144]. Based on the literature, a popular column used for
insulin is the C-18 (octadecyl carbon chain) bonded to silica, and this, together with the
other chromatographic conditions, is summarized in Table 2.1. Overall, there are many
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advantages to RP-HPLC such as high recovery, reproducibility and the stability of the

column over a wide variety of mobile phase conditions [144].

2.1.2 International Conference on Harmonisation guidelines

For the development of a reliable and accurate analytical procedure, it is important to
validate the method according to a relevant guideline, such as the International
Conference on Harmonisation (ICH). The validation should take into consideration
possible uses of the analytical procedure. The validation characteristics, covered by
ICH, include specificity, accuracy, precision, repeatability, intermediate precision,

detection limit, quantification limit, linearity, and range [147], [148].

The specificity of a method to an analyte is the ability of the method to distinguish and
guantify the analyte even in the presence of other possible impurities or degradants in

the sample.

Accuracy of a procedure conveys how close in agreement a calculated value is to
either a theoretical value or a reference standard. Precision portrays the closeness of
agreement between a series of measurements of the same sample. There are different
forms of precision and includes repeatability (also known as intra-assay precision) and

in intermediate precision (e.g. interday precision).

Detection limit or limit of detection (LOD) is the lowest concentration of an analyte,
which can be identified but not necessarily quantified as an exact value. It can be
calculated using the standard deviation (SD) of the response and the slope of the

calibration curve (Equation 2.1).
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Equation 2.1

330
LOD = ——

Where

o = the SD of the response

S = the slope of the calibration
Quantification limit or limit of quantification (LOQ) is the lowest concentration of an
analyte that can be quantified with the method with appropriate precision and accuracy.
It can be calculated using the SD of the response and the slope of the calibration curve
(Equation 2.2).

Equation 2.2

Lo _100
Q= S

Where

o = the SD of the response

S = the slope of the calibration curve
Linearity is expressed by a method, over a certain range, when the response produced
is directly proportional to the analyte concentration present in the sample. The range
is the lower and upper concentration of analyte that the method demonstrates linearity

but also accuracy and precision.
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Table 2.1: A summary of RP-HPLC-UV methods for insulin from literature.

Ref Column Mobile phase Elution Detection Flow rate Elutiontime LOD & LOQ IS
type (nm) (mL/min) (min)
[143] Hypersil RP-C18 KH2PO4 buffer (0.1M), ACN, Isocratic 214 1 7.9 2.93 pg/mL &  2-nitrophenol
column (3 um, 4.6 & methanol (62:26:12, v/v). 9.78 pg/mL
mm x 100 mm) Final pH adjusted to 3.1.
[149] Xterra RP-C18 (5 ACN & deionized water with Gradient 214 1 5.6 0.24 pg/mL & NA
pm, 4.6 mm x 250 0.1% TFA. first 5 min 0.72 pg/mL
mm) with Guard [First 30:70 (v/v) linear then
column change to 40:60 (v/v) over 5 isocratic for
min next 40:60 (v/v) retained 5 min

from 5 to 10 min]

[150] Phenomenex RP- 0.2M sodium sulphate Isocratic 214 1.2 10.2 0.35 pg/mL & Methylparaben
C18 (5 um, 4.6 mm  anhydrous (pH 2.3 with ortho 0.7 pg/mL
x 150 mm) with phosphoric acid) & ACN
Guard column (74:26, viv)
[151] Phenomenex RP- ACN with 0.1% TFA & Isocratic 215 1.5 8.5 10 pg/mL & NA
C18 (5 um, 4.6 mm deionized water with 0.1% 60 pug/mL
X 150 mm) TFA (30:70, viv)

Abbreviations: Reverse-phase high-performance liquid chromatography (RP-HPLC), the limit of detection (LOD), the limit of quantification (LOQ), ultraviolet (UV),
TFA (trifluoroacetic acid), acetonitrile (ACN) and internal standard (1S)
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2.2 Chapter aims

» Develop an HPLC method for insulin, which is stability-indicating.

» Validate the method according to ICH guidelines and apply the analytical
method for the detection and quantification of insulin under various conditions
such as in the presence of transfersomal formulations.

» Develop and validate an HPLC method for atenolol for determination and

quantification of atenolol in permeation studies.

2.3 Materials

RHI (27.5 IU/mg), 2-Nitrophenol, atenolol and phosphate-buffered saline (PBS, pH 7.4)
were all purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). HPLC
grade TFA (99+%), methanol and ACN purchased from Fischer Scientific

(Leicestershire, UK). MilliQ® water was obtained internally.

2.4 Insulin method validation

2.4.1 Preparation of the insulin standard and quality control solutions

A standard stock solution of RHI was prepared in PBS at a concentration of 1.5 mg/mL
in a 50 mL volumetric flask. This was then diluted, if required, with PBS to produce the
following concentration of insulin for the calibration curve: 1.5 mg/mL, 0.9 mg/mL, 0.75
mg/mL, 0.6 mg/mL, 0.3 mg/mL, 0.1 mg/mL, 0.06 mg/mL, 0.03 mg/mL, 0.01 mg/mL and
0.005 mg/mL. These ten concentrations were then used to construct a calibration
graph for RHI using HPLC. Separately, three quality control (QC) samples were
chosen at concentrations of 1.44 mg/mL, 1.2 mg/mL and 0.96 mg/mL. For stability

testing the samples were stored in PBS solution in the refrigerator (2-8°C) and
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analysed daily for a total of 5 consecutive days (1.2 mg/mL) and after one month (stock
solution 1.5 mg/mL). For both the inter-day and intra-day analysis, the stock solutions

were prepared just before the HPLC analysis was to be carried out.

2.4.2 Preparation of the internal standard and HPLC vial preparation

Fresh stocks of the internal standard (IS, 2-nitrophenol) was prepared daily at a
concentration of 0.2 mg/mL. In the HPLC vials, the IS to insulin concentration was
maintained in the ratio of 1:4, respectively (e.g. 200 pL of IS and 800 pL of insulin).

Hence the concentration of IS was maintained as 0.04 mg/mL in all the runs.

2.4.3 Results and discussion

2.4.3.1 Method development and optimisation

Insulin detection and quantification were conducted using the Shimadzu LC-2010A HT
unit (Kyoto, Japan). The system consists of a degassing unit, quaternary low-pressure
gradient unit, pump unit, mixer, autosampler, column oven, and a UV-VIS detector with
a thermostatted flow cell. The column used was a SphereClone™ C-18 (150 x 4.6 mm,
5 um), which was combined with a security guard column and cartridge kit, all
purchased from Phenomenex (Cheshire, UK). The LabSolutions software was used to
analyse the chromatograms. Initially, a method was developed that did not include an
internal standard, and although relatively sharp peaks were produced, there was some
interday variability in the results (Figure 2.1). This was particularly true, after a few
weeks of inactivity, even with the same HPLC instrument and column. In this isocratic
method the two solvents used were 30% of 0.1% (v/v) TFA in ACN (solvent A) and

70% 0.1% (v/v) TFA in MilliQ® water (solvent B) [151]. The method was then adjusted
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to include an IS, which led to the selection of 2-nitrophenol, which has been used with
insulin in previous literature [143]. This directed to the mobile phase comprising of
33.5% of solvent A [0.1% (v/v) TFA in ACN] and 66.5% of solvent B [0.1% (v/v) TFA in
MilliQ® water]. The solvents for the mobile phase were prepared on the day of analysis.
The flow rate was set as 1 mL per minute. The temperature was maintained at 25 "C.
The wavelength of the UV detector was set at 215 nm. An injection volume of 10 pL
was used for all samples. Each sample was run for 10 minutes and the peak for insulin
was observed between 3.5-4.5 minutes. 2-Nitrophenol was used as an IS,

concentration maintained as 0.04 mg/mL, which was observed between 7.5-8.5

minutes.
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Figure 2.1: Chromatogram of insulin produced using 30% ACN with 0.1% (v/v) TFA and 70%
MilliQ® water with 0.1% (v/v) TFA.
Abbreviations: Acetonitrile (ACN) and trifluoroacetic acid (TFA)
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2.4.3.2 Accuracy and intraday precision

Table 2.2: Intraday repeatability and precision parameters for insulin in PBS

Theoretical Concentration Response Calculated % Recovery % RSD
Concentration Ratio Ratio Concentration
(mg/mL) (mg/mL)
0.96 19.2 4.33 0.95 99.31 1.13
0.96 19.2 4.40 0.97 100.82
0.96 19.2 4.43 0.97 101.52
1.20 24.0 5.54 1.22 101.40 0.82
1.20 24.0 5.60 1.23 102.43
1.20 24.0 5.63 1.24 103.05
1.20 24.0 5.56 1.22 101.67
1.20 24.0 5.66 1.24 103.51
1.20 24.0 5.70 1.25 104.23
1.44 28.8 6.46 1.42 98.39 1.12
1.44 28.8 6.59 1.45 100.44
1.44 28.8 6.57 1.44 100.12

Notes: Concentration of internal standard (2-Nitrophenol) was maintained constant as 0.04 mg/mL.
Abbreviations: Relative standard deviation (RSD) and phosphate-buffered saline (PBS)

The accuracy and intraday precision (repeatability) of the method was demonstrated
by injecting three times the low and high QCs (0.96 mg/mL and 1.44 mg/mL) and six
times the main QC (1.2 mg/mL). Results are shown in Table 2.2 above. The average
accuracy for the intraday results was found to be 101.41 + 1.72%, compared to the
theoretical concentration, and the mean % relative standard deviation (RSD) value

1.02 £ 0.18%. These results show the method is both accurate and repeatable.
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Table 2.3: Intraday and interday repeatability and precision parameters for insulin in PBS
Day Theoretical Calculated % % RSD
Concentration Concentration Recovery

(mg/mL) (mg/mL)
1 0.96 0.97 100.55 0.79
2 0.96 0.95 99.04
3 0.96 0.95 99.25
1 1.20 1.23 102.72 0.75
2 1.20 1.20 99.58
3 1.20 1.19 99.19
1 1.44 1.44 99.65 0.76
2 1.44 1.41 98.20
3 1.44 1.42 98.44

Notes: Concentration of internal standard (2-Nitrophenol) was maintained constant as 0.04 mg/mL.
Results represent mean [(n=3) for 0.96 mg/mL & 1.44 mg/mL and (n=6) 1.20 mg/mL]. Abbreviations:
Relative standard deviation (RSD) and phosphate-buffered saline (PBS)

The intermediate precision (interday repeatability) was demonstrated by repeating the
injection of the three QCs, same as for intraday, over three consecutive days (Table
2.3). In the interday repeatability calculations, the average % recovery was found to be
99.62 £ 1.35%, with % RSD of 0.77 £ 0.39%. These values meet the ICH guidelines in
demonstrating intermediate precision as the results show a high level of accuracy and

repeatability.
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2.4.3.3 Linearity and range

Table 2.4: Insulin calibration curve data.

Insulin Concentration Response Ratios % %
concentration Ratio Recovery RSD
(mg/mL)

0.005 0.1 0.017 0.016 0.015 107.11 2.95
0.01 0.2 0.045 0.041 0.042 103.53 2.94
0.03 0.6 0.148 0.150 0.151 102.60 0.86
0.06 1.2 0.313 0.311 0.313 102.72 0.27
0.1 2.0 0.489 0.502 0.495 96.46 1.29
0.3 6.0 1.517 1.533 1.536 97.53 0.68
0.6 12.0 3.172 3.151 3.134 100.17 0.60
0.75 15.0 3.918 3.945 3.880 99.42 0.83
0.9 18.0 4.820 4.840 4821 102.12 0.24
1.5 30.0 7.796 7.823 7.914 99.46 0.78

Notes: Concentration of internal standard (2-Nitrophenol) was maintained constant as 0.04 mg/mL.
Abbreviation: Relative standard deviation (RSD).
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Figure 2.2: Calibration curve for insulin displaying linearity across all concentrations tested
0.005 mg/mL to 1.5 mg/mL.

Notes: Concentration of internal standard (2-Nitrophenol) was maintained constant as 0.04 mg/mL.
Results represent mean = SD (n=3). See Table 2.4 for insulin concentration and concentration ratio.

Linearity is the ability of the method to demonstrate a direct proportional response to
the increase in analyte concentration (i.e. insulin). It can be observed based on Table
2.4 and Figure 2.2 that between the range of 0.005 mg/mL to 1.5 mg/mL a linear

response is achieved (R? >0.999), with precision and accuracy across all values.

2.4.3.4  Detection and quantification limit

LOD and LOQ were calculated according to the ICH guidelines using Equation 2.1 and
Equation 2.2, respectively, based on the calibration curve and regression analysis.
LOD was found to be 0.005 mg/mL, displayed in Figure 2.3, and LOQ was found to be

0.016 mg/mL.
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Figure 2.3: Chromatogram of LOD (0.005 mg/mL) concentration in PBS.

Notes: Concentration of internal standard (2-Nitrophenol) was maintained constant as 0.04 mg/mL.
Abbreviation: phosphate-buffered saline (PBS)

2.4.3.5 Specificity and stability

It is essential to develop a method that is specific to insulin and is stability-indicating,
as storage in aqueous solutions can lead to possible hydrolytic reactions or
polymerisation of insulin [143]. Storage in media of neutral and alkaline pH (such as
PBS pH 7.4) can enable deamidation to take place at residue asparagine B3 (AsnB?)
[152]. Although deamidation can take place in neutral formulations, it takes place at a
slower pace than in acidic conditions [152]. Hence deamidation wasn’t observed during
storage in PBS (pH 7.4), or water but it was seen when insulin was stored at room
temperature (21-23°C) after 24 hours storage in 1% (v/v) acetic acid (pH 2.9). It can
be seen from the chromatogram (Figure 2.4) a second peak (at 4.128 minutes) has
appeared just after the regular insulin peak. This is likely to be the peak for insulin as
a result of deamidation of asparagine at residue A21, as this is the expected hydrolytic

degradation product of insulin in acidic conditions [152], [153].
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Figure 2.4: Chromatogram of insulin after storage in 1% acetic acid (pH 2.9) for 24
hours at room temperature (21-23°C).

Notes: Concentration of internal standard (2-Nitrophenol) was maintained constant as 0.04
mg/mL.

Table 2.5: Stability of insulin in PBS solution stored in a fridge (2-8°C, n=6).

Days Theoretical Conc. Response Calculated Precision %
in Conc. Ratio Ratio Conc. (% RSD

Fridge (mg/mL) (mg/mL)  Recovery)
0 1.20 24 5.61 1.23 102.72 0.82
1 1.20 24 5.31 1.17 97.20 0.42
2 1.20 24 5.49 1.21 100.43 0.58
3 1.20 24 5.20 1.14 95.17 0.35
4 1.20 24 4.98 1.09 91.21 0.30
30 1.50 30 4.98 0.95 73.00 0.51

Notes: Concentration of internal standard (2-Nitrophenol) was maintained constant as 0.04
mg/mL. Abbreviations: Relative standard deviation (RSD) and phosphate-buffered saline
(PBS)

It has been found that insulin stored in solution is susceptible to dimerisation,
particularly when shaking is applied [154]. Monomeric insulin is the biologically active
form of insulin; hence it is essential to detect any such changes during storage and

production of formulations [155]. Analysis of insulin during storage in PBS solution (pH
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7.4) in the fridge (2-8°C) resulted in a reduction of insulin to 91.21% after four days
compared to the original stock (Table 2.5). After 30 days of storage, the concentration
of insulin was reduced to 70.00%. It can be seen from the chromatogram (Figure 2.5)
below that at 30 days a second peak has appeared at 3.542 minutes just before the
regular insulin peak, which is likely to be the result of insulin dimer formation [154]. The

peak at 2.744 minutes is possibly the result of tetrameric insulin due to the absence of

Zn?* in the solution to form hexamers [153], [156].
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Figure 2.5: Chromatogram of insulin in PBS solution (pH 7.4) after 30 days of storage in the
fridge (2-8°C).

Notes: Concentration of internal standard (2-Nitrophenol) was maintained constant as 0.04 mg/mL.
Abbreviation: Phosphate-buffered saline (PBS)

Hence throughout all the steps of transfersome production stability was assessed,
such as during heat and bath sonication, and only when no significant difference in the
percentage recovery was seen compared to freshly prepared insulin samples was the
step approved and continued. Additionally, the chromatograms were observed to

confirm the absence of peaks that could indicate degradation products.
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2.4.3.6

Specificity and application
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Figure 2.6: Chromatograms of (a) blank PBS only, (b) internal standard only (0.04 mg/mL), (c)
insulin (1.2 mg/mL) with internal standard (0.04 mg/mL) in PBS, (d) unloaded supernatant of a

transfersomal formulation, and (e) insulin in supernatant of a transfersomal formulation.

Abbreviation: Phosphate-buffered saline (PBS)

Specificity of the method to insulin is vital to ensure other impurities do not interfere

with the results. It can be seen from Figure 2.6, that the method is specific to insulin as

the insulin peak only appears in the solutions that insulin was expected to be present

(c & e) and absent in the solutions that do not contain insulin (i.e. a, b & d). Additionally,

no interfering peaks can be observed that can influence the peak for insulin.
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2.5 Atenolol method validation

2.5.1 Preparation of the atenolol standard and quality control solutions

A standard stock solution of atenolol was prepared in PBS at a concentration of 1
mg/mL in a 50 mL volumetric flask. This was then diluted, if required, with PBS to
produce the following concentration of insulin for the calibration curve: 1 mg/mL, 0.6
mg/mL, 0.4 mg/mL, 0.1 mg/mL, and 0.03 mg/mL. These five concentrations were then
used to construct a calibration graph for atenolol using HPLC. Separately, three quality
control (QC) samples were chosen at concentrations of 0.8 mg/mL, 0.2 mg/mL and
0.05 mg/mL. For both the inter-day and intra-day analysis, the stock solutions were

prepared just before the HPLC analysis was to be carried out.

2.5.2 Results and discussion

2.5.2.1 Method development and optimisation

An isocratic RP-HPLC method was developed for atenolol detection and quantification.
It was conducted using the Shimadzu LC-2010A HT unit (Kyoto, Japan). The column
a SphereClone™ C-18 (150 x 4.6 mm, 5 um). The mobile phase consisting of two
solvents; 19% of solvent A [0.1% (v/v) TFA in methanol] and 81% of solvent B [0.1%
(v/v) TFA in MilliQ® water]. The solvents for the mobile phase were prepared on the
day of analysis. The flow rate was set at 0.5 mL per minute. The temperature was
maintained at 25 °C. The wavelength of the UV detector was set at 276 nm. An injection
volume of 10 pL was used for all samples. Each sample was run for 10 minutes, and

the peak for atenolol was observed between 7.0-8.0 minutes.
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2.5.2.2  Specificity and accuracy
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Figure 2.7: Chromatograms of (a) blank PBS only, and (b) atenolol (0.8 mg/mL)

in PBS.
Abbreviation: Phosphate-buffered saline (PBS)
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It can be seen from Figure 2.7 that the peak is specific for atenolol as the blank PBS

solution (a) displays only the solvent peak and no other peaks, while (b) shows only

the peak for atenolol. The accuracy of the method can also be observed as;

theoretically, the concentration of atenolol should be 0.8 mg/mL, and this is

demonstrated to be true in Figure 2.7; calculated with the LabSolutions software.

2.5.2.3 Accuracy and intraday precision

Table 2.6: Intraday repeatability and precision parameters for atenolol in PBS

Theoretical AUC Calculated % Recovery % RSD
Concentration Concentration
(mg/mL) (mg/mL)
0.05 194985 0.05 101.49 0.05
0.05 194968 0.05 101.48
0.05 194812 0.05 101.40
0.20 793750 0.20 100.28 0.10
0.20 794955 0.20 100.44
0.20 793499 0.20 100.25
0.80 3214200 0.81 100.78 0.27
0.80 3204160 0.80 100.46
0.80 3192845 0.80 100.11
0.80 3193325 0.80 100.12
0.80 3195677 0.80 100.20
0.80 3192282 0.80 100.09

Abbreviations: Relative standard deviation (RSD) and phosphate-buffered saline (PBS)

The accuracy and intraday precision (repeatability) of the method was demonstrated

by injecting three times the low and medium QCs (0.05 mg/mL and 0.2 mg/mL) and

six times the main QC (0.8 mg/mL). The average accuracy for the intraday results was

found to be 100.59 + 0.56%, compared to the theoretical concentration, and the mean
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% RSD value 0.14 + 0.12% (Table 2.6). These results show the method is both highly

accurate and repeatable.

Table 2.7: Interday repeatability and precision parameters for atenolol in PBS

Day Theoretical Calculated % Recovery % RSD
Concentration Concentration
(mg/mL) (mg/mL)
1 0.05 0.05 101.46 0.14
2 0.05 0.05 98.42
3 0.05 0.05 100.10
1 0.20 0.20 100.32 0.09
2 0.20 0.20 99.35
3 0.20 0.20 100.06
1 0.80 0.80 100.29 0.21
2 0.80 0.81 100.65
3 0.80 0.81 101.07

Notes: Results represent mean [(n=3) for 0.05 mg/mL & 0.2 mg/mL and (n=6) 0.8
mg/mL]. Abbreviations: Relative standard deviation (RSD) and phosphate-buffered
saline (PBS)

The intermediate precision (interday repeatability) was demonstrated by repeating the
injection of the three QCs, same as for intraday, over three consecutive days (Table
2.7). In the interday repeatability calculations, the average % recovery was found to be
100.19 % 0.90%, with % RSD of 0.15 + 0.06%. These values meet the ICH guidelines
in demonstrating intermediate precision as the results show a high level of accuracy

and repeatability.
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2.5.2.4 Linearity and range

Table 2.8: Atenolol calibration curve data.

Atenolol AUC Calculated % %
concentration concentration Recovery RSD
(mg/mL) (mg/mL)
0.03 114962 115275 114947 0.03 102.49 0.16
0.1 394151 394766 393833 0.10 100.61 0.12
0.4 1580431 1581523 1578621 0.40 99.34 0.09
0.6 2391124 2393732 2394889 0.60 100.13 0.08
1.0 3990738 3989233 3991862 1.00 100.05 0.03

Abbreviations: Area under the curve (AUC) & relative standard deviation (RSD)
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Figure 2.8: Calibration curve for atenolol displaying linearity across all concentrations
tested 0.03 mg/mL to 1.0 mg/mL.

Notes: Results represent mean = SD (n=3). Abbreviation: Area under the curve (AUC).

Linearity is the ability of the method to demonstrate a direct proportional response to

the increase in analyte concentration (i.e. atenolol). It can be observed based on Table
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2.8 and Figure 2.8 that between the range of 0.03 mg/mL to 1 mg/mL a linear response

is achieved (R? >1), with precision and accuracy across all values.

2.5.2.5 Detection and quantification limit

LOD and LOQ were calculated according to the ICH guidelines using Equation 2.1 and
Equation 2.2, respectively, based on the calibration curve and regression analysis.
LOD was found to be 0.001 mg/mL, displayed in Figure 2.3, and LOQ was found to be

0.004 mg/mL.

2.5.2.6  Stability of atenolol

Table 2.9: Stability of atenolol in PBS solution stored in a fridge (2-8°C, n=6).

Days Theoretical AUC Calculated % %
in Conc. Conc. Recovery RSD

Fridge (mg/mL) (mg/mL)
0 0.8 3198748 0.802 100.29 0.27
1 0.8 3203513 0.804 100.44 0.05
2 0.8 3196136 0.802 100.21 0.10
3 0.8 3196069 0.802 100.21 0.13
4 0.8 3191371 0.801 100.06 0.07

Abbreviations: Area under the curve (AUC), relative standard deviation (RSD) and phosphate-
buffered saline (PBS)

It is crucial to detect any changes in the % recovery of drugs during use to determine
how long a solution will be stable and can be used for studies. Based on the results of
5 days storage of atenolol in PBS solution in the fridge (2-8°C), it can be confirmed
that atenolol is stable during this period, and can be used for studies without the

requirement to prepare fresh batches daily (Table 2.9).
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2.6 Conclusion

In summary, two new, reliable, and accurate methods have been developed for both
the detection and quantification of insulin and atenolol and validated according to ICH
guidelines. Although the ICH guideline does not specify exact acceptance limits the %
recovery and the % RSD values attained are satisfactory and comparable to existing
literature validated according to the same guideline [157]. The validated method for
insulin was used for quantification of insulin in calculating EE (%), loading capacity
(LC, %), release studies and permeation studies. The method for atenolol was used

for quantification of atenolol in permeation studies.
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3. Formulation and characterisation of niosomes: screening of

surfactant

3.1 Introduction

Niosomes are formed using non-ionic surfactants. They are becoming more
extensively studied as substitutes to liposomes due to their greater stability as well as
cost-effectiveness [83], [104]. Further advantages these systems offer include being
non-immunogenic, biocompatible and biodegradable [94]. Several types of non-ionic
surfactants are used to form niosomes but commonly include esters of fatty acids, alkyl
ethers, alkyl amides and alkyl esters [158]. Alkyl ethers can be an option for entrapping
proteins due to their high stability compared to alkyl esters. Still, the latter is less toxic
than the former as the esterase enzymes in the body can degrade the ester bonds in
the surfactants [88]. Hence for a chronically administered drugs, such as insulin, the
ester-linked surfactants are a safer option as carriers for drug delivery. The sorbitan
esters (Spans) are particularly favourable as they are commonly used in the food and

pharmaceutical industry and are on the GRAS ingredients list [104].

A parameter that is a good indicator of surfactants forming niosomes is the hydrophilic-
lipophilic balance (HLB), which as the name suggests describes the balance between
the hydrophilic and hydrophobic portion of the surfactant [83], [159]. In non-ionic
surfactants, the HLB ranges from 0-20, and the higher the HLB value, the more
hydrophilic the surfactant [159]. The HLB of Spans are as follows; Span 20 (8.6), Span
40 (6.7), Span 60 (4.7), and Span 80 (4.3) [104]. It has been found that Spans with
HLB values between 4-8 are compatible with the formation of vesicles [83]. Hydrophilic

surfactants (HLB 14-17) are generally not considered suitable for the production of
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bilayered structures due to their high agueous solubility; however, they can sometimes
form niosomes in the presence or optimum concentrations of cholesterol [159], [160].

Cholesterol can act as a bilayer membrane stabilisers [97].

As discussed by Israelachvili (1976), the packing properties of surfactants is also an
essential factor to take into account when developing niosomes [161]. The formation
of bilayers occurs when the packing parameter falls between %2 and 1. It has been
found that primarily the formation of the smallest structures is more likely when
amphiphiles aggregate; however, the size and shape of the structures is restricted by
the packing. Thermodynamically the development of spherical vesicles is favoured
over planar bilayers, and commonly sonication is a method used for their formation

[161].

The phase transition temperature of surfactants also affects the characteristics of
niosomes. In the gel state, the alkyl chains are ordered structures, while in the liquid
state, the bilayer is in a more disordered arrangement [88]. It has been observed that

Spans can form liposome like vesicles [104].

Aggregation of vesicles can be a problem in some formulations. Hence often it is
important to include a charged molecule in the niosomal formulation, such as the
positively charged stearylamine or the negatively charged DCP, which can reduce or

prevent aggregation through electrostatic stabilisation [83].

For the selection of the correct Span and cost efficiency, it was opted to initially form
niosomes, to optimise factors such as cholesterol content and presence or absence of

charged molecule before production of transfersomes.
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3.2Chapter aims

» To prepare niosomes using sorbitan esters (Span 20, Span 40, Span 60 and
Span 80).

» To determine particle size and zeta potential.

» To optimise cholesterol content in the niosomal formulations.

» To study the effects of the charged molecules (DCP) on the properties of
niosomes.

» To analyse insulin EE (%) of niosomes using previously validated HPLC.

3.3 Materials and methods

RHI (27.5 1U/mg), sorbitan laurate (Span 20), sorbitan monopalmitate (Span 40),
sorbitan monostearate (Span 60), sorbitan monooleate (Span 80), cholesterol, DCP
and PBS (pH 7.4) were all purchased from Sigma-Aldrich (Merck KGaA, Darmstadt,
Germany). Chloroform and HPLC grade TFA and ACN were purchased from Fischer
Scientific (Leicestershire, UK). MilliQ® water was obtained internally using a Merck
Millipore Direct-Q® 3UV water purification system (Billerica, MA, USA). All other

chemicals and reagents used were of analytical grade.

3.3.1 Niosome preparation and optimisation

Insulin is a protein, hence the stability of the drug is a key factor to consider during
niosomal preparation. Thus for initial development, the method was followed based on
a previous study working with insulin, which produced niosomes using the four types

of Spans (Span 20, 40, 60 & 80) [162]. After preliminary tests, some adjustments were
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made, including bath sonication, to both reduce the size and aid uniformity of the

formed niosomes.
3.3.2 Thin-film hydration method

Niosomes were prepared using 300 micromoles of surfactant/cholesterol or
surfactant/cholesterol/DCP dissolved in 10 mL of chloroform: methanol (9:1 v/v) in a
100 mL round-bottom flask in compositions shown in Table 3.1. The organic solvents
were removed at 50°C, under vacuum, using a RE300 rotary evaporator at speed 10
rotation. The process lasting around 15 minutes. The dried surfactant/lipid film was
then hydrated with 5 ml PBS (pH 7.4) or 5 mL PBS containing insulin (20 units/mL) in
a Fisherbrand bath sonicator (FB15047) at 55-60°C for 15 minutes. A temperature of
55°C was chosen, which increased to around 60°C during sonication. The temperature
was set above the phase transition temperature of the non-ionic surfactants. The
highest phase transition temperature being 50°C belonging to Span 60 [104]. The
resulting product was then left to cool and stored in a refrigerator (2-8°C) until further
studies were carried out. All samples were produced in triplicates.

Table 3.1: Composition of surfactant (Span 20,40,60 or 80), cholesterol and DCP in niosomes

(total 60 umoles/mL).

Formulation Surfactant Cholesterol DCP

(% mol) (% mol) (% mol)
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3.3.3 Centrifugation and resuspension

To separate the unentrapped drug from the entrapped drug the niosomal sample
volume was diluted 20 times in PBS and centrifuged at 30,000 g for 30 minutes (4°C)
using a Sigma 3-30 KS Centrifuge (SciQuip, Shropshire, UK). The supernatant was
then filtered through a 0.22 um pored filter and analysed using HPLC (method
described in Chapter 2). The pellet was resuspended in PBS using a vortex machine
for 5 minutes and used for further studies or stored in the fridge (2-8°C) for further

analysis. Experiments generally completed within three days of niosome formation.

3.4 Characterisation studies of niosomes

3.4.1 Particle size and polydispersity index analysis

The particle size of the niosomes was analysed by dynamic light scattering (DLS) using
Malvern Zetasizer Nanoseries MR30717 (Malvern Instruments Limited,
Worcestershire, UK). The niosome samples (diluted 1 in 10 in MilliQ® water) were
analysed in disposable polystyrene cuvettes at 25°C. Due to the mixed composition of
the niosomes the particle size and polydispersity index (PDI) was measured using
intensity distribution, which enables the samples to be analysed using the same
refractive index (RI) as PBS (RI=1.330) and absorption of 0.01. All triplicate samples

were additionally analysed in triplicates within the instrument settings.

3.4.2 Zeta potential determination

The zeta potential of the niosome samples was measured using laser doppler
electrophoresis (LDE) with the instrument Malvern Zetasizer Nanoseries MR30717

(Malvern Instruments Limited, Worcestershire, UK). For each run, 0.6 mL of sample,
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diluted 1 in 10 in MilliQ® water, was injected into the disposable folded capillary cells
(DTS1070). The analysis was carried out using the Smoluchowski model with the
measurement duration being set as automatic (10 runs minimum & 100 runs
maximum). All triplicate samples were additionally analysed in triplicates within the

instrument settings.

3.4.3 The encapsulation efficiency (%) of insulin

The percentage of drug encapsulated within the vesicles can be determined by
calculating the EE. After centrifugation of the niosomal dispersion, the supernatant was
separated from the pellet, filtered through a 0.22 um filter, and subsequently analysed
for insulin content using HPLC (method discussed in Chapter 2). To quantify the insulin

EE (%), Equation 3.1 and LC (%), Equation 3.2 were used:

Equation 3.1

) o Total amount of insulin — free insulin
Encapsulation ef ficiency (%) = Total amount of insulin x 100

Equation 3.2

) ) Total amount of insulin — Free insulin
Loading capacity (%) = Weight of transferosomes x 100

3.4.4 Statistical analysis

All the values are expressed as the mean £+ SD. Two-way ANOVA tests were
performed on the obtained results, if the criteria were met, using GraphPad Prism 8.

On some data, one-way ANOVA was more suitable, and where this is the case, it is
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stated under the relevant data. Also, on the appropriate data, Tukey’s multiple
comparisons test was used to compare the means of the results, unless otherwise
indicated. P-value of less than 0.05 was considered statistically significant. Table 3.2

shows the symbols used to represent significance levels on graphs/charts.

Table 3.2: Symbols representing the level of significance.

Symbol Meaning

3.5Results and discussion

3.5.1 Preliminary findings

Aggregation of vesicles can be a problem in some formulations. Hence it is important
to investigate the effects of a charged molecule in the niosomal formulation, which can
reduce or prevent aggregation through electrostatic stabilisation [83]. Stearylamine is
a positively charged molecule, which can be used. Still, in preliminary studies, it was
tested with the Spans and found not to have favourable effects on the zeta potential.
Aggregation was observed in the formulations during production with large variations
in particle size. Hence DCP was used, which was found to form more stable milky
dispersions, and aggregates could not be observed with the naked eye. Also, it has
been used previously with the Spans and found to be compatible and valuable for

stability [104].
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Several methods can be used for size reduction of niosomes, one of which is probe
sonication. However, using probe sonication, the tip of the probe is directly submerged
into the niosomal dispersion, which results in high energy input in the dispersion as
well as possible contamination of the solution [163]. It was found with insulin, even at
the lowest amplitude, the solution frothed up, overheating occurred and analysing the
solution with HPLC showed a broad distorted peak. Another option is bath sonication,
where the niosomal formulation is in a tube or round bottom flask and placed into a
bath sonicator. This method has advantages such as greater control of temperature,
no contamination and less energy input [163]. Hence insulin stability was not affected

for the short period of sonication.

The hydration medium often used with vesicles is phosphate buffer of varying pH. The
pH is routinely chosen based on the solubility of the drug [94]. Phosphate buffer (pH
7.4) has been used in previous studies with insulin, and in this study, insulin achieved

good solubility at this pH. Thus was chosen as the hydration medium [164].
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3.5.2 The particle size of niosomes

3.5.2.1 Effect of sonication
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Figure 3.1: Analysis of particle size of 3 ratios (%) of surfactant and cholesterol of unloaded
niosomal preparations of Span 20 and Span 40 with and without sonication using DLS.

Notes: Results represent mean + SD (n=3). Two-way ANOVA analysis revealed a significant
reduction (p < 0.05) in particle size for both Span 20 and Span 40 after sonication. Specifically,
Sidak’s multiple comparisons test showed significant difference (* = p < 0.05) in Span 20 and (** =p
< 0.001) in Span 40 niosomes after bath sonication in the combination with 50:50 ratio of surfactant:
cholesterol. Abbreviation: Dynamic light scattering (DLS)

Particle size plays a crucial role in influencing the delivery of drugs across mucosal
membranes. As summarised by Ucheghu et al. (1998), niosomes prepared without a
size reduction step results typically in production of niosomes in the micron size range
[83]. This was found to be accurate, and it can be seen in Figure 3.1, the vesicles
formed without a sonication step, just using the method by Varshosaz et al. (2003),
both Span 20 and 40, have produced niosomes that are around 2 um or greater [162].
However, for buccal delivery, the particles need to be as small as possible, ideally
much less than 1 um, to possibly achieve permeation through the buccal membrane.
Performing two-way ANOVA analysis of the results for particle size, before and after
bath sonication, in the 50:50 ratio of surfactant: cholesterol for both Span 20 and Span

40, a significant reduction (p < 0.05) in size was observed after the sonication step.
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Although the 70:30 and 60:40 ratios did not show statistical significance, due to the
large variations in particle size, the mean data reveals that the particle sizes are much
smaller after sonication. Thus, the niosomal preparation method was modified to

incorporate 15 minutes of sonication, using a sonicator bath at 55°C.

3.5.2.2 Effect of the cholesterol content on patrticle size
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Figure 3.2: Effect of the cholesterol content on the particle size of Span 20, 40, 60 and 80
niosomes.

Notes: Results represent mean + SD (n=3). Two-way ANOVA analysis showed no significant
difference (p > 0.05) in particle size between the different Spans across the different compositions.
Tukey’s multiple comparisons test of Span 20 and 80 showed no significant difference between
the different concentrations of cholesterol. Tukey’s multiple comparisons test of Span 40 and 60
showed significant difference (** = p < 0.01) between the 70:30 cholesterol ratio and the 50:50
ratio and significant difference (* = p < 0.05) between the 70:30 and 60:40 cholesterol ratio.
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In general, it has been known that the inclusion of cholesterol in vesicles increases the
particle size [88]. In XRD studies, carried out by McIntosh (1978), it was observed that
the presence of cholesterol led to an increase in the width of the phospholipid bilayers
[165]. Examining the trend in particle size of niosomes in Figure 3.2 reveals increasing
cholesterol content from 30% to 40% and 50%, with Span 40 and 60 leads to significant
increase in particle size. The increase in particle size was also found in other studies
and could be due to an increase in the bilayers and rigidity of the niosomes [105], [162],
[166], [167]. Still, little difference was observed with Span 20 and Span 80. This is
possibly due to Span 40 and 60, being gel-type surfactants, whereas Span 20 and 80
are liquid state [162]. The cholesterol in vesicles requires optimisation as the greater

rigidity can lead to a reduction in the release rate of the encapsulated drug [88].
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3.5.2.3 Effect of the charged molecule on particle size
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Figure 3.3: Effect of absence and increasing concentrations of DCP on the particle size of
Span 20, 40, 60 and 80 niosomes.

Notes: Results represent mean + SD (n=3). Two-way ANOVA analysis revealed a significant
difference (p < 0.01) in the different combinations. Specifically, Tukey’s multiple comparisons tests
showed a significant reduction (**** = p < 0.0001) in particle size of Span 20 niosomes in the
presence of 5% and 10% DCP. Abbreviation: Dicetyl phosphate (DCP)

A close comparison of the effect of the negatively charged molecule on the particle
size of niosomes in Figure 3.3 demonstrates significant reduction (p < 0.0001) in
particle size between Span 20 niosomes with DCP compared the niosomes without
DCP. This is similar to the results observed by previous studies as charged molecules
can act as stabilizing or flocculating agents through electrical repulsion. Thus, the
absence of such molecules leads to greater coalescence resulting in size variation
[162], [168]. In the study carried out by Varshosaz et al. (2003), a decrease in size was

also observed for Span 80, but the size of Span 40 and 60 niosomes increased in the
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presence of DCP. In multilamellar vesicles, such as these, the presence of charged
molecules can create an expansion in the interlamellar distance among successive
bilayers, which subsequently results in greater overall volume [104]. But in this study,
results shown in Figure 3.3, the inclusion of DCP in the Span 40, 60 and 80 niosomes
did not make a significant difference in particle size. This difference in results is
possibly due to the incorporation of sonication in our study, which, as shown in Figure
3.1, can have a significant influence on the particle size of niosomes. Hence even
though in the Span 80 niosomes it can be seen that the mean size of niosomes is
decreasing, with increasing concentration of DCP, due to the reduction of particles by
sonication and the variation in the size of the particles the difference is not statistically

significant (Figure 3.3).
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3.5.2.4  Selection based on patrticle size
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Figure 3.4: a. Comparison of particle size of empty niosomes produced using Span 20, 40, 60
and 80 with different (%) ratios of cholesterol with or without DCP. b. Comparison of particle
size of empty niosomes produced using Span 40,60 and 80 with different (%) ratios of
cholesterol with or without DCP.

Notes: The circles and * represent the concerned formulations that are significantly different (p <
0.05). Results represent mean = S.D., n = 3. Abbreviation: Dicetyl phosphate (DCP)

Figure 3.4 has been displayed as part a and b. The particle size of the Span 20
niosomes without DCP are much larger than the other Span. Hence for better visual
comparison of the particle size and the error bars results for Span 20 is only presented
in part a. Similar to the outcomes observed by Varshosaz et al. (2003), the niosomes

formed with Span 20, without the charged molecule, resulted in large and highly varied
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particle sizes [162]. One explanation is that the presence of the charged molecule
would typically help increase stability in the system through electrical repulsion, but in
its absence can lead to greater aggregation and coalescence resulting in size variation
and larger particle sizes [162]. Thus, in Span 20 niosomes, the presence of the charged

molecule leads to a decrease in particle size both at 5 and 10% DCP.

Another factor, as observed by Nowroozi et al. (2018), is that surfactants with higher
HLB values tend to form niosomes with greater particle size, and Span 20 has an HLB
of 8.6, which is the highest HLB of all the Spans tested [169]. This is because, with an
increase in the hydrophilicity of the surfactant, there is an increase in surface free

energy [104].

The aim of analysing particle size using DLS was to narrow down the different ratios
of surfactant, cholesterol with or without DCP from eight different ratios to three or four,
which would then be tested and further analysed for insulin encapsulation. To narrow
down the number of ratios, the combined results for particle size of all the Spans but
at the different ratios, were statistically compared using two-way ANOVA and statistical
significance (p < 0.05) was found between the surfactant: cholesterol: DCP ratios
70:30, 65:30:5 and 60:30:10 as shown circled in Figure 3.4. Looking carefully at these
results, they all contain 30% cholesterol. Generally, the particle sizes for these ratios

is the smallest for all the Spans, except for Span 20 (Figure 3.4, b).
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Table 3.3: Comparison of PDI of unloaded niosomes produced using Span 20,
40, 60 and 80 with different ratios of cholesterol with or without DCP.

Formulations Span 20 Span 40 Span 60 Span 80
70:30 0.7+0.1 0.7+0.2 0.6+0.1 0.7+0.1
60:40 0.9+0.2 09+0.1 0.8+0.1 0.6+0.1
50:50 09+0.1 09+0.1 1.0+x0 05+0.1

65:30:5 0.6+0.3 0.9+0.1 1.0+0 0.7+0.1
55:40:5 0.5+0.2 090 0.8+0.1 090
50:45:5 0.6+0.1 0.8+0.1 1.0+£0 080
60:30:10 0.7x0.1 0.8+0.1 0.8+0.1 0.6+0.1
50:40:10 0.8+0.1 090 090 0.6+0.1

Notes: Results represent mean £ SD (n=3). Abbreviations: polydispersity index (PDI)
and dicetyl phosphate (DCP)

Generally analysing the PDI, the aim would be to observe values of less than 0.5,

which would indicate a suitable size distribution within the sample [170]. The closer the

PDI value is to zero, the more homogenous the samples [167]. But looking at the

results in Table 3.3, the results vary mostly between 0.6 to 1, which indicates the

particle sizes are varied and not homogenous. As found by Yoshioka et al. (1994), the

size distribution of niosomes tends to be relatively wide. However, it was suggested

this could be altered through adjustments in the hydration time and extent of shaking

[104]. Hence in further studies, change is required in the method to increase vesicle

size homogeneity.
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Figure 3.5: The effect of insulin incorporation on the particle size of niosomes in the three
formulations with different surfactants prepared by the thin-film hydration method and analysed
using DLS.

Notes: Results represent mean + SD (n = 3). Two-way ANOVA analysis showed no significant
difference (p > 0.05) in particle size with and without insulin. Abbreviation: Dynamic light scattering
(DLS)

Overall, in Figure 3.5, no significant (p > 0.05) difference was observed in the size of
the particles with or without insulin incorporation as confirmed with statistical analysis

using two-way ANOVA.
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3.5.3 Zeta potential
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Figure 3.6: Effect of DCP and insulin incorporation on the zeta potential of Span 20.

Notes: Results represent mean + SD (n = 3). Two-way ANOVA analysis showed no significant
difference (p > 0.05) between the unloaded and insulin loaded formulations. Analysis using Tukey’s
multiple comparisons test (* = p < 0.05, *** = p < 0.001 and **** = p < 0.0001). As shown by **** the
effect of DCP on the zeta potential is particularly significant (p < 0.0001) between the means of the
uncharged formulations, either with or without insulin, and the charged formulations containing 10%
DCP. Abbreviation: Dicetyl phosphate (DCP)

The zeta potential is an essential factor in determining the stability of colloidal
dispersions as it is the electric potential at the boundary of the double layer on the
surface of particles [171]. The degree of electrostatic repulsion between adjacent
similarly charged vesicles is reflected by the magnitude of the zeta potential [172].
Systems with high zeta potential typically confer stability as the forces of repulsion
exceed the attractive forces while it is vice versa for low zeta potential systems, and
thus, these may flocculate or coagulate [172]. The zeta potential was measured using
LDE. Two-way ANOVA analysis of the results for the zeta potential depicted in Figure
3.6 showed no significant difference (p > 0.05) between the niosomal formulations of
Span 20 unloaded and loaded with insulin but demonstrated significant difference (p <
0.05) between the different formulation ratios. In general, although non-ionic

surfactants typically do not hold any charge, the uncharged niosome was observed to
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possess a slightly negative zeta potential (-17.4 £ 1.7 unloaded and 21.0 £ 6.6 insulin
loaded Figure 3.6). Similar observations have been made in another study, also
working with Spans [105]. As expected, as the concentration of the negatively charged
DCP molecule is increased, the zeta potential becomes more negative (Figure 3.6).
Another study looking at the effects of DCP on surface charge acquired similar results,
with a greater negative zeta potential being obtained in the presence of a higher
concentration of DCP [173]. According to the Tukey’s multiple comparisons test the
effects of DCP on the zeta potential is particularly significant (p < 0.0001) between the
means of the uncharged formulations either with or without insulin, and the charged
formulations containing 10% DCP. Colloidal systems that have zeta potential values
less than -30mV or greater than +30mV are considered highly dispersed [171]. Hence,
since DCP in the formulation at either concentration (5% or 10%) results in zeta
potential less than -30mV, it will be beneficial to include in the formulation to increase

system stability.
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3.5.4 Percentage insulin encapsulation efficiency and loading capacity
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Figure 3.7: Results for EE (%) of three different ratios (%) of Span 20, Span 40, Span 60 & Span

80.
Notes: Results represent mean £ S.D (n = 3). Abbreviation: Encapsulation efficiency (EE)
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Figure 3.8: Results for LC (%) of three different ratios (%) of Span 20, Span 40, Span 60 & Span
80.

Notes: Results represent mean = S.D (n = 3). Abbreviation: Loading capacity (LC)
The HLB of the surfactant is typically found to influence the EE; however, the
lipophilicity or hydrophilicity of the encapsulated drug also has an effect [79], [174]. It

is suggested that using surfactants with high HLB values achieves greater entrapment

87|Page



with hydrophilic drugs [79]. Nevertheless, there are conflicting results in this regard. As
a study, testing Span 85, Span 80, sodium cholate, sodium deoxycholate and Tween
80, found the EE to be the highest with Span based vesicles (transfersomes) even

though they have low HLB values [175].

In addition to HLB, the physical state of the surfactant could influence the EE. For
example, Span 40 and 60 are gel-type surfactants, whereas Span 20 and 80 are liquid
state, and surfactants in gel form accomplished niosomes with better EE [79], [162].
This is possibly due to the gel state surfactants forming bilayers with well-ordered alkyl
chains compared to the more disordered arrangement formed with liquid state
surfactants [88]. Statistical analysis of the results for EE and LC of niosomes, displayed
in Figure 3.7 and Figure 3.8 respectively, showed no significant difference (p > 0.05)
between the different surfactants or the varying ratios of surfactant, cholesterol and
DCP. However, looking at the results, Span 60 niosomes containing 5% and 10% DCP,
achieved the best results in terms of SD with 51 + 1% EE. Homogeneity of vesicles in
terms of EE is important, as insulin is a narrow therapeutic drug. Hence it is essential
to have consistent EE, to increase the likelihood of predictable therapeutic effect and
possible scale-up. Additionally, Span 60 has the highest phase transition temperature,
surfactants with higher transition temperatures are found to provide better entrapment
[88], [104]. Although the results look reasonably good with Span 80, the surfactant was
very difficult to work with, in terms of separating the entrapped drug in niosomes from
the unentrapped drug in solution. After centrifugation, the contents of the pellet tend to
seep into the supernatant; hence separation was difficult and increasing the

centrifugation timing to 2 hours and increasing the speed to 50, 000 g did not improve
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the situation. This is possibly related to the physical state of Span 80, which is initially

liquid.

3.6 Conclusion

In summary, much of the initial focus has been on looking at both improving the method
used to prepare the niosomes but also testing the stability of insulin at each step to
make sure the protein maintained its integrity during the processes. The focus was
also on finding the combination of surfactant, cholesterol with or without DCP, which
not only would result in production of particle sizes in the nanopatrticle size range (1-
1000 nm) but also make sure particle sizes are reproducible, and the EE (%) is high.
The confirmation so far in this study has been that a cholesterol content of 30% molar
ratio would be the best to take forward, based on particle size (mean with insulin 458
nm). Also in terms of EE, Span 60 containing 10% DCP, was able to achieve one of
the highest with 51 + 1% EE. Hence the Span 60 niosomal formulation of surfactant:

cholesterol: DCP comprising of 60:30:10 was carried forward for further studies.

Particle size reproducibility can be difficult with a bath sonicator as both human factors
are involved, such as the time and angle of rotation in the bath sonicator, and also the
bath sonicator itself can result in variability due to the sonication being quite varied in
the different areas of the bath. However, based on literature, the use of a bath
sonicator, during the hydration stage of the thin film hydration method, can result in
greater sample homogeneity and achieve a decrease in PDI compared the niosomes
produced without sonication [169]. Hence, it is possible for more homogeneous
samples to be produced with the method but requires further optimisation in future

studies.
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4. Formulation and characterisation of transfersomes

4.1 Introduction

Transfersomes are bilayered structures, comprising of phospholipids and a surfactant
or edge activator, which enables transfersomes to have membrane flexibility and to
permeate through pores that are smaller than their own size [98]. The possible
mechanism of permeation is displayed in Figure 4.1. An early study looking at the
epicutaneous application of insulin-containing transfersomes (also known as
transfersulin) were able to demonstrate spontaneous transport of insulin into the body
across the skin [98]. In mice, the use of transfersomes showed a significant reduction
in blood glucose by 20-30%, within 2-4 hours. In contrast, simple lipid suspensions and
drug solutions were not able to induce a considerable response [98]. After application
of non-occluded transfersomes on the skin, evaporation of water occurs, which
enables the hydration gradient to influence the vesicles [78]. The enhanced elasticity
together with the hydro-affinity facilitates the drug-loaded vesicles to squeeze between
the cells along the intercellular lipids of the stratum corneum [78], [176]. Hence it has
been suggested transfersomes should not be administered under occlusion as this
would reduce the hydration gradient, which usually drives the vesicles across the skin
[177]. Additionally, after application of insulin-containing transfersomes on the skin, it
was observed that the formulation acted as an epicutaneous reservoir, prolonging the

hypoglycaemic action [98].
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Figure 4.1: Schematic representation of the mechanism of permeation by transfersomes.

In the buccal mucosa, permeation is likely to be via the intercellular lipids of the
epithelial membrane. Thus, the ingredients of transfersomes can be designed and
optimised specifically for individual drugs, taking into consideration the overall
formulation and route of delivery [78]. In transfersomes, the surfactant (or edge
activator) is an essential component in achieving membrane deformability by
destabilizing the bilayer and lowering the interfacial tension [103]. Examples of edge
activators include bile salts (sodium cholate and sodium deoxycholate),
polyoxyethylene sorbitan fatty acid esters (Tweens 80 and Tween 20) and sorbitan
fatty acid esters (Spans 40, Span 60, and Span 80). As reviewed by Khan et al. (2015),
surfactants, such as Tween 80 are also often used in parenteral protein formulations,
as they can prevent protein aggregation when exposed to freeze-thaw stress and

vortexing [178], [179].

The ability of transfersomes to enhance drug delivery is suggested to be due to the

combined effect of the vesicles being ultradeformable carriers as well as permeation
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enhancers [78]. The composition of transfersomes can have a significant influence on
their physicochemical properties and thus, their effectiveness as drug carriers [180].
The critical packing parameter of the chosen surfactant, Span 60, falls between %2 and
1, which means it can form bilayered spherical vesicles [181]. Additionally, double-
chained amphiphiles, such as phospholipids, often with the use of sonication, are found
to form bilayers with very homogenous structures [161]. Thus, combined with the
presence of cholesterol, which acts as a bilayer membrane stabiliser, the formulation

is likely to form homogenous bilayered vesicles.

In a normal cell, membrane fluidity is of vital significance for adequate diffusion of
membrane components, including lipids and proteins [182]. It also affects the flexibility
of the membrane in morphological transformations, one of which is an adaptation to
the environment [183]. Cholesterol is one of the factors regulates membrane fluidity in
mammalian cells by interfering with the packing of acyl chains and thus increasing the

rigidity of the membrane [184].

Phosphatidylcholine and phosphatidylethanolamine are the two most abundant
phospholipids in mammalian cell membranes [185]. Often in the formation of liposomes
and transfersomes, phosphatidylcholine is used, however, based on the potent nature
of HDV insulin (discussed in chapter 1), which contains a form of

phosphatidylethanolamine it may offer more favourable characteristics [43].

The goal in this chapter was to optimise the ingredients of the transfersomal
formulation in terms of characteristics such as particle size, PDI and EE (%) as well as
test for release studies. Simultaneously the formulations were tested for toxicity and

permeability studies using TR146 buccal cells detailed in Chapter 5.
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4.2 Chapter aims

» To determine the optimum ratio of phospholipid to be incorporated with Span
60, cholesterol and DCP using factorial design (Minitab).

» To enhance membrane elasticity by modifying ratios of cholesterol and the
addition of Tween 80.

» To further reduce the size of vesicles using extrusion.

» To determine the value of using a bile salt (e.g. sodium glycodeoxycholate)
within the formulation versus DCP.

» To compare the impact of 1,2-dipalmitoyl-3-sn-phosphatidylethanolamine
(DPPE) versus soybean lecithin as the phospholipid.

» To carry out release studies on the two formulations, which demonstrate

excellent results in the toxicity studies.

4.3 Materials and methods

RHI (27.5 1U/mg), sorbitan monostearate (Span 60), cholesterol (C8667), DCP,
polysorbate 80 (Tween 80), sodium glycodeoxycholate (SGDC), PBS (pH 7.4), and
Avanti® Mini-Extruder (fitted with 0.4-micrometre polycarbonate membrane and with
heating block) were all purchased from Sigma-Aldrich (Merck KGaA, Darmstadt,
Germany). DPPE and soybean lecithin was obtained from Tokyo Chemical Industry
(UK). HPLC grade ACN and TFA (99+%) were both purchased from Fischer Scientific
(Leicestershire, UK). MilliQ® water was obtained internally using a Merck Millipore
Direct-Q® 3UV water purification system (Billerica, MA, USA). All other chemicals and

reagents used were of analytical grade.
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4.3.1 Thin-film hydration method

Transfersomes were prepared using the traditional thin-film hydration technique
combined with down-sizing methods to reduce particle size. The formulation
composition for the transfersomal formulations vary and are shown in Table 4.1, Table
4.2 and Table 4.3 but consists of a mixture of the following: cholesterol, Span 60,
Tween 80, soybean lecithin, DPPE, DCP and sometimes SGDC. The correct quantity
of components was dissolved in 10 mL of chloroform: methanol (9:1) in a round-bottom
flask. The organic solvents were removed at 50°C, under vacuum, using a rotary
evaporator. The dried surfactant/lipid film was then flushed with nitrogen gas for
several minutes before being hydrated with 5 mL of PBS (pH 7.4) containing RHI (0.73
mg/mL or 1.5 mg/mL) in a bath sonicator at 55-60°C for 10 minutes (optimised at 3
minutes manual rotation and 7 minutes on stand without rotation). The samples were
stored in a refrigerator (2-8°C) and used for studies within three days. All samples were

produced in triplicates unless stated otherwise.

4.3.2 Centrifugation and resuspension

To separate the unentrapped drug from the entrapped drug the niosomal samples were
diluted ten times in PBS and centrifuged at 50,000 g for 60 minutes (4°C) using a Sigma
3-30 KS Centrifuge (SciQuip, Shropshire, UK). The supernatant then filtered through
a 0.22 um pored filter and analysed using HPLC (see chapter 2). Depending on the
experiment, the pellet was resuspended in PBS (pH 7.4) (unless stated otherwise)

using a vortex machine for 5 minutes and then used for further studies.
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4.3.3 Extrusion of transfersomes

To form more homogenous and smaller transfersomes, the hydrated solutions were
extruded ten times at 55-58°C using an Avanti® Mini-Extruder (fitted with 0.4
micrometre polycarbonate membrane). The resulting product was then left to cool and
stored in a refrigerator (2-8°C) until further studies were carried out. All samples were
produced in triplicates unless stated otherwise. The samples extruded are

compositions shown in Table 4.2 and Table 4.3.

4.3.4 Stability studies during regular storage

The samples were stored in the refrigerator (2-8°C), in clear glass vials, for three
months and then analysed for particle size and PDI. They were also observed for any

physical or colour changes during storage.

4.3.5 Release studies

The release study was adapted from literature [186]. The release of insulin from the
transfersomes was carried out in 4 mL of PBS (pH 7.4) and 1% v/v acetic acid (pH 2.9)
over 6 hours. The calculated amount of transfersomes were transferred into the correct
liquids, magnetic stirring initiated, and at each time point (0.5, 1, 2, 4, and 6 hours)
samples of 0.8 mL was transferred to allocated 1.5 mL Eppendorf tubes and replaced
with fresh 0.8 mL of each liquid [this loss was taken into account in the release profile
calculations (Equation 4.1)]. The samples were then centrifuged at 13.3 rpm for 30
minutes at 4°C using a Micro Star 17R centrifuge (VWR international, Leicestershire,
UK). The supernatant was then analysed for insulin content using HPLC (method see

chapter 2). The release studies were performed on the final transfersomes D5E (total
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insulin 0.467 mg in 4mL) and S5E (total insulin 0.353 mg in 4 mL), detailed in Table

4.3.

Equation 4.1
Mt =Vr xCt+Vs x X(Ct)

Where

M: = mass of insulin released at each time interval
r = volume in the receptor compartment

Ct = concentration of insulin at each time interval

Vs = sample volume

2 (Ct) = cumulative insulin concentration at each time interval

4.3.6 Morphology of transfersomes

The morphological examination of transfersomes was carried out using a ZEISS EVO
50 tungsten source scanning electron microscopy (SEM, Germany). Samples were
diluted 1 in 1000 in MilliQ® water and a drop of the formulation transferred to specimen
stubs and air dried for a few hours. The transfersomes were then coated with
gold/palladium under vacuum with a Polaron SC7640 sputter coater (Quorum

Technologies LTD, Kent, UK) before being imaged.
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4.3.7 Experimental design

Factor Hame Type Low High
A Span 60 | MNumeric - | &0 120
B Phospholipid | Numeric ~ | &0 170

Figure 4.2: Displays the low and high levels of the two factors (Span 60 and phospholipid,
pmoles).

A two factor, two-level factorial design (22) was created, for the optimisation of the
molar ratio of Span 60 and the phospholipid (DPPE) in the transfersomes. The design
was chosen to include 1 centre point per block. The two levels for Span 60 and the
phospholipid are shown in Figure 4.2, with both low being 60 pmoles and high 120
pmoles. The software Minitab 19 (USA) was used to both generate and evaluate the
results for particle size and EE (%). For each combination, a total of 6 replicates were
carried out. The combinations were hydrated with 5 mL of insulin 0.73 mg/mL.

Table 4.1: Compaosition of phospholipid & Span 60 preparations generated by Minitab factorial

design in combination with cholesterol (90 umoles) and DCP (30 umoles). Total 5 mL hydration
liquid (insulin 0.73 mg/mL).

Formulation Phospholipid Span 60

(umoles, P) (umoles, S)

Abbreviation: Dicetyl phosphate (DCP)
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4 .4 Characterisation studies of transfersomes

Particle size, PDI, zeta potential, EE (%), LC (%) and statistical analysis were all

carried out based on the methods described in chapter 3.
4.5Results and discussion: optimisation of phospholipid content

4.5.1 Particle size and polydispersity index analysis
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Figure 4.3: Analysis of the particle size of 5 ratios of phospholipid (P) and Span 60 (S)

preparations using DLS.

Notes: Results represent mean + S.D (n = 6). One-way ANOVA analysis showed no significant
difference (p > 0.05) in particle size between the different compositions. Abbreviation: Dynamic light
scattering
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Figure 4.4: Surface plot of particle size (nm) versus Span 60 and phospholipid, analysed using
Minitab (n=6).

Particle size is a critical parameter regarding both the physical properties of vesicles
and that of the encapsulated drug as well as their biological fate [187], [188]. A study
looking at oral administration of griseofulvin loaded liposomes found liposomes of
smaller size (< 400 nm) were able to achieve greater bioavailability compared to
vesicles above 800 nm [189]. The particle size of vesicles can also influence toxicity
as a study found the larger sized liposomes of amphotericin B were more toxic in
comparison to the smaller sized vesicles [190]. They can also affect membrane
permeability, particularly in transfersomes, as it can determine their ability to enter the
paracellular pathway [105]. Looking at the results for particle size, Figure 4.3, there is
no significant difference (p > 0.05) in the results between the different compositions of
phospholipid and Span 60, mainly due to the substantial variation in particle size.
However, looking at the surface plot, analysed using Minitab, it can be observed the
three compositions P60S120, P90S90 and P120S60 are responsible in forming
multilamellar vesicles in the lower size range (Figure 4.4). This can be justified by the
fact that in all the formulations, the cholesterol and DCP components are equivalent

while only changing the phospholipid and Span 60 molar ratio. The composition
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P60S60 results in larger particle size due to the greater impact of the negatively
charged molecule, which exerts electrostatic repulsion and hence enlargement
between the interlamellar distance among successive bilayers [104]. In the same
formulation cholesterol also has a more significant impact and is known to contribute
in increasing the size of vesicles, due to insertion of cholesterol within bilayers, which
strengthens the nonpolar tail of the surfactant and phospholipids and increases rigidity
[105], [162]. The larger particle size of P120S120 formulations is likely to be due to the
greater overall molar ratio of constituents in this composition in comparison to the
others. Overall, even in the lower size range, the particles are large around 900 nm,
thus unlikely to achieve permeation via the buccal mucosa. This is taking into
consideration that vesicles of 600 nm or above typically are not able to deliver their
entrapped drug into deeper layers of the skin, whereas those 300 nm or below can do
so, and this could be reflective of the situation in the buccal mucosa [191], [192].
Therefore, the formulation is likely to require further adjustment in components and

possibly another downsizing method such as extrusion.

100 |Page



1.04

0.8-
T
0.6-
5 L1
(o
0.4-
0.2-
O-O | ] I 1 1
Q Q Q O Q
&L & & &
9 Q ) 3% N}
S R S A

Figure 4.5: Analysis of PDI of 5 ratios of phospholipid (P) and Span 60 (S) preparations using
DLS.

Notes: Results represent mean + S.D (n = 6). One-way ANOVA analysis showed no significant
difference (p > 0.05) in PDI between the different compositions. Abbreviation: Polydispersity index
(PDI)

Additional to particle size, the PDI is an essential parameter in drug delivery as it can
affect product performance, stability, efficacy, safety and the bulk properties of
products [191]. Like the results for particle size, one-way ANOVA analysis showed
insignificant difference (p > 0.05) in the PDI of the different compositions (Figure 4.5).
The PDI value ranges from 0 to 1, and the closer the value is to 1, the greater the
particle size distribution [191]. The PDI value for all the compositions can be observed
to be around 0.6, which indicates the samples are relatively heterogenous, as the value
is close to 0.7. Samples with PDI values greater than 0.7 show broad patrticle size
distribution [191]. Further work is required in this area to optimise the method to reduce
the PDI, as summarised by Danaei et al. (2018), for nanovesicles a PDI of 0.3 and

below, indicates the formation of homogenous samples [191].
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4.5.2 Zeta potential
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Figure 4.6: Analysis of the zeta potential of 5 ratios of phospholipid (P) and Span 60 (S)
preparations using Malvern Zetasizer.

Notes: Results represent mean + S.D (n = 6). Tukey’s multiple comparisons test and One-way
ANOVA analysis showed significant difference (p < 0.05) in zeta potential between the P60S60 and
the other compositions (* = p < 0.05, ** = p < 0.01 and **** = p < 0.0001).

Charged molecules, such as DCP, are included in formulations to increase vesicle
stability and prevent aggregation [105]. The results for the zeta potential demonstrate
formulation P60S60 has the highest negative zeta potential, and it is significantly
different to all the other compositions (Figure 4.6). This can be expected as the molar
concentration of cholesterol and DCP are maintained constant thus in the overall ratio
of components within the P60S60 transfersome the negatively charged DCP molecule
will have greater influence compared to P120S120 where the molar concentration of
the phospholipid and surfactant is much higher in the total composition. The two

compositions, with the lowest negative zeta potential, P120S60 and P120S120 can be
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explained by the fact that DPPE is a cationic phospholipid and these compositions
comprise the highest molar ratio of the phospholipid, thus reducing the negative effects
of DCP [193]. This also supports the greater negative zeta potentials of formulations
P90S90 and P60S120 as the molar ratio of DPPE is less compared to P120S60 and
P120S120. However, the zeta potential of all the formulations was found to be around

-30 mV or lower; therefore, should offer sufficient stabilisation [194].

4.5.3 The encapsulation efficiency of insulin
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Figure 4.7: Analysis of the EE (%) of 5 ratios of phospholipid (P) and Span 60 (S) preparations
using HPLC.

Notes: Results represent mean = S.D (n = 6). One-way ANOVA analysis showed a significant
difference (p < 0.05) in EE (%) of insulin between the sample means. Tukey’s multiple comparisons
test showed significant difference (p < 0.001) between P60S120 and the P60S60 ratio and a
significant difference (p < 0.01) with the P90S90 composition.
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Contour Plot of % Encapsulation Efficiency vs Span 60, Phospholipid
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Figure 4.8: Contour plot for EE (%) of 5 ratios of phospholipid (P) and Span 60 (S) preparations

using Minitab.

Notes: Results represent mean £ S.D (n = 6).
The results show, based on the darkest green patches on the contour plot, the highest
percentage encapsulation (> 42.5) is obtained when phospholipid concentration is
between 60-72 pmoles, and Span 60 concentration is between 108-120 pmoles
(Figure 4.8). This is consistent with, Figure 4.7, which shows the formulation P60S120
achieved the highest EE of 45 + 6% and the result was significantly higher than the EE

(%) of P60S60 and P90S90.

4.5.4 Summary

The data on EE (45 + 6%) and particle size (=900 nm) indicate the formulation
P60S120 containing DCP (30 pmoles), DPPE (60 pumoles), cholesterol (90 umoles),
and Span 60 (120 pmoles) would be the most promising combination to be considered
for further studies. This formulation was tested for release studies and permeation

across TR146 buccal cells, and the results showed the release and permeation to be
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undetectable after 6 hours of study. This could be due to several factors, such as the
large particles size, as well as in studies of liposomes it has been shown that both
phosphatidylethanolamine and cholesterol can increase the rigidity of the bilayer [182].
In effect, this rigidity could be to the extent that the insulin molecule is not able to
permeate across the vesicle bilayer [83]. Thus, as well as reducing the particle size,
the concentration of cholesterol possibly needs to be reduced to enable the insulin to
release and permeate. Additionally, Span 60 (Cis) is one of the least leaky surfactants,
due to the high phase transition temperature, which may benefit EE (%) but can hinder
drug release [83], [104]. Hence the inclusion of a more hydrophilic surfactant can aid
drug release. In several studies of lipid-based vesicles, it has been found the presence
of increasing concentrations of Tween 80 (HLB 15) has led to enhancements in the
release or permeability of the encapsulated drugs [195], [196]. Furthermore, in a study
comparing Tween 80 to bile salts and the more lipophilic Spans, revealed Tween 80
to have the highest level of deformability [175]. This is due to the presence of the
hydrophilic surfactant forming transient holes within the bilayer and thus enhancing

membrane fluidity [175].

4.6 Results and discussion: influence of Tween 80

Table 4.2 shows the composition of Tween 80 and cholesterol that were tested in
attempts to increase the release and permeability of transfersomes. This composition
was also exposed to extrusion as a further downsizing method. The effects of these
changes were investigated on particle size, PDI, zeta-potential and % EE. The effect
of increasing the concentration of insulin from 0.73 mg/mL to 1.5 mg/mL in the
hydration media was also observed on the % EE and % LC. The results of the %

viability assays are discussed in chapter 5.
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Table 4.2: Composition of Tween 80 and cholesterol in the transfersomal formulations in
combination with Span 60 (120 umoles), DPPE (60 pmoles) and DCP (30 pmoles). Total 5 mL
hydration liquid (insulin 1.5 mg/mL).

Formulation  Cholesterol (umoles, C) Tween 80 (umoles, T)

Abbreviations: 1,2-dipalmitoyl-3-sn-phosphatidylethanolamine (DPPE) and dicetyl phosphate (DCP)

4.6.1 Particle size and polydispersity analysis
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Figure 4.9: The influence of Tween 80 and cholesterol on particle size before and after
extrusion.

Notes: Results represent mean + SD (n=3). Two-way ANOVA analysis showed a significant
difference (p < 0.0001) in particle size between the original and the extruded samples across all
compositions (demonstrated by **** above the bars). Tukey’s multiple comparisons test showed no
significant difference (ns = p > 0.05) between C90TO and C90T45. Significant difference (** = p <
0.01) observed between C45T0 and C45T45. Significant difference (**** = p < 0.0001) also observed
between C90T0 and C90T45 with C45T0 and C45T45.
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Figure 4.10: The influence of Tween 80 and cholesterol on PDI before and after extrusion.

Notes: Results represents mean + SD (n=3). Two-way ANOVA analysis showed a significant
difference (**** = p < 0.0001) in PDI before and after extrusion across all compositions. Tukey’s
multiple comparisons tests showed a significant difference (**** = p < 0.0001) in the original samples
between C90TO0, C90T45, C45T0 compared to C45T45. In the extruded samples, a significant
difference (**** = p < 0.0001) was observed between C90TO and C90T45 with C45T0 and C45T45.

In a study carried out on niosomes looking at the best method of downsizing found
extrusion to be a useful technique for relatively fluid surfactants such as Tween 60, for
both reducing particle size and achieving a narrow PDI [169]. In the same study, probe
sonication was found to be more suitable for niosomes composed of Span 60, as it is
a more rigid surfactant. When investigating the possible use of probe sonication in
preliminary studies, insulin was found to not be stable during the process with a lot of
frothing produced and a broad peak observed in HPLC analysis. Additionally, there
were also possibilities of introducing impurities during the process [163]. Therefore, in
this study, extrusion was chosen as the downsizing method, as Tween 80 in the

formulation is a relatively fluid surfactant, even if Span 60 is more rigid.

Hence an extruder kit was purchased, which included 0.1 micrometre pore

membranes. Using the manual extruder when it was attempted to extrude the
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formulations through the 0.1 micrometre membrane at 55-58°C, it was impossible to
extrude. Hence 0.4 um membrane was attempted next and was successful. Once it
had been extruded through the 0.4 um membrane, it was again attempted to extrude
through the 0.1 um membrane but was still unsuccessful. Hence the final procedure
for the formation of the transfersomes was modified to include extrusions via the 0.4

pum membrane only, which was optimised to ten extrusions.

As anticipated, it can be seen from, Figure 4.9 and Figure 4.10 above, across all the
compositions the size and PDI of the vesicles, were significantly reduced (p < 0.0001)
after the extrusion process. The percentage reductions in particle size were most
significant with the Tween 80 containing formulations 54.1% (C90T45) and 50.4%
(C45T45) followed by 44.2% (C90T0) and 34.0% (C45TO0). This phenomenon was
observed in another study, where inclusion of Tween 80 resulted in the reduction of
particle size. Additionally, as expected based on previous studies, there is a significant
reduction (p < 0.0001) in the particle size with a decrease in cholesterol content
comparing compositions with 90 pmoles (C90T0 and C90T45) and those with 45
pmoles (C45T0 and C45T45). Thus, as anticipated C45T45, with Tween 80 and the
lowest concentration of cholesterol, had the smallest average size of 206.7 nm + 2.69
nm, which would be used for further studies. After extrusion, the PDI is less than 0.5
across all the formulations, but the most homogeneous samples are C45T0 and

C45T45, with PDI values of 0.24 + 0.02 and 0.27 + 0.01, respectively.
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4.6.2 Zeta potential determination
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Figure 4.11: The influence of Tween 80 and cholesterol on the zeta potential.

Notes: Results represents mean + SD (n=3). One-way ANOVA analysis showed significant difference
(**** = p < 0.0001) among the mean values. Tukey’s multiple comparisons test showed significant
difference (**** = p < 0.0001) in zeta potential between C90TO and C90T45. Significant difference
(**** = p < 0.0001) was also observed between C45T0 and C45T45. No significant difference (ns =
p > 0.05) was observed between C90T0 and C45T0. Also, no significant difference (ns = p > 0.05)
was observed between C90T45 and C45T45.

Usually, for electrostatic stabilisation of vesicle, as summarised by Ge et al. 2019, the
zeta potential needs to be above +30 mV or below -30 mV and based on these results
all the formulations offer sufficient stability [194]. But it is noticeable, in Figure 4.11,
there is a significant reduction in zeta potential in the formulations containing Tween
80 (C90T45 and C45T45). This is similar to a study looking at vesicles formed using
Tween 80 and curcumin (as a substitute to cholesterol) it was also observed when the
ratio of Tween 80 was gradually reduced the zeta potential becomes more negative
[197]. Another study working with Tween containing transfersomes found them to
exhibit positive zeta potentials with those of higher HLB values demonstrating greater

positive zeta potential [198]. Additionally, it can also be due to Tween 80 being a non-
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ionic surfactant with a sizeable hydrophilic head group, which is capable of interfering
with the surface charge much more compared to the cholesterol, which is embedded

in the bilayer.

4.6.3 Encapsulation efficiency of insulin
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Figure 4.12: The influence of Tween 80 and cholesterol on the EE (%).

Notes: Results represents mean + SD (n=3). One-way ANOVA analysis showed significant difference
(**** =p <0.0001) between the mean values. Tukey’s multiple comparisons tests showed a significant
difference (** = p <0.01) in EE (%) between C90T45 compared to C45T0 and C45T45. Abbreviation:
Encapsulation efficiency (EE)

The EE (%) of vesicular systems, as summarised by Ge et al. (2019), is often around
10 to 40%, although can reach up to 90% for some drugs, depending on the
components of the system [194]. Thus, the results for all the formulations (Figure 4.12)
are within acceptable limits, although the better EE (%) results were achieved by the
Tween 80 containing formulations (C45T0 and C45T45). The significant increase in
EE (%) in the presence of Tween 80 is possibly due to the presence of its long alkyl
chains [199]. It was expected that the reduction in cholesterol would result in a

significant decrease in EE (%), but this was not observed, possibly due to the
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cholesterol content still being within the optimum range to provide enough rigidity to

the structure, to maintain the drug entrapment.
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Figure 4.13: Shows EE (%) and LC (%) of insulin in formulation C90TO.

Notes: Results represents mean + SD (n=6). One sample t-test, assuming Gaussian distribution,
showed significant difference (p <0.0001) in EE (%) and LC (%) due to an increase in the
concentration of insulin, from 0.73 mg/mL to 1.5 mg/mL, in the hydration media. Abbreviations:
Encapsulation efficiency (EE) and loading capacity (LC)

Comparison of the formulation C90T0, with the molar ratio of vesicle components, kept
constant, in the presence of an increasing concentration of insulin from 0.73 mg/mL to
1.5 mg/mL led to a significant decrease (p < 0.0001) in EE (%) Figure 4.13. However,
the results show a significant increase (p < 0.0001) in LC (%). This is comprehensible
as there is only a specific volume or space available within the aqueous compartment
of the vesicles; thus, only a certain amount of the hydrophilic drug can be
accommodated within the volume. This means although there is less drug
encapsulated, the loading is higher and thus greater insulin content in ratio to the

transfersomes.
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4.6.4 Summary

Based on the outcome of the characterisation studies and the toxicity study (see
chapter 5) the formulation (C45T45), consisting of 40% Span 60, 20% DPPE, 15%
cholesterol, 15% Tween 80, and 10% DCP, was found to be promising and taken

forward for further studies.

4.7 Results and discussion: determining effect of phospholipid and bile salt

on transfersomes

The main results and discussion in this section are based on the ten transfersomal
formulations, shown in Table 4.3, which consists of Tween 80 and Span 60 with a
combination of either lecithin or DPPE with DCP or SGDC or both. The bile salt SGDC
was chosen as a possible additional permeation enhancer, to be incorporated within
the transfersomal formulation, as it has been shown in studies to have the ability to
enhance the permeability of insulin and other hydrophilic macromolecules across
TR146 buccal cells and porcine mucosa, respectively [60], [64]. Based on previous
results, 60 micromoles of each transfersomal formulation was produced per mL of
hydration liquid, and the ratio of cholesterol was retained as 15% and Span 60 as 40%.

Figure 4.18 shows the appearance of the produced transfersomal suspensions.
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Table 4.3: Percent composition of the different components in each transfersomal

formulations tested (total 60 umoles/mL).

Formulation Cholesterol Span Tween DCP SGDC DPPE Lecithin
(% mol) 60 (% 80 (% (% (% (% mol) (% mol)

mol) mol) mol) mol)
40 20

15 40 15 10 20
15 40 20 5 20
15 40 15 10 20
15 40 15 5 5 20
15 40 20 5 20
15 40 15 10 20
15 40 20 5 20
15 40 15 10 20
15 40 15 5 5 20

Abbreviation: Dicetyl phosphate (DCP), sodium glycodeoxycholate (SGDC), and 1,2-
dipalmitoyl-3-sn-phosphatidylethanolamine (DPPE). * = formulations carried forward.
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4.7.1 Particle size and polydispersity index analysis
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Figure 4.14: Comparing the effect of extrusion and resuspension of vesicles using vortexing
on particle sizes of transfersomes.

Notes: Results represents mean = SD (n=3). Two-way ANOVA analysis showed significant difference
(**** = p < 0.0001) between the mean values of (a) original vs resuspended, (b) original vs extruded,
and (c) extruded vs extruded and resuspended. Sidak’s multiple comparisons test showed significant
difference (a) D5E (** = p < 0.01) and S5E (* = p < 0.05), (b) D10E (** = p < 0.01), S5E (**** = p <
0.0001), S10E (*** = p < 0.001), D5S5E (* = p < 0.05), and (c) D10E (* = p < 0.05).
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Figure 4.15: Comparing the effect of extrusion and resuspension of vesicles using vortexing
on PDI of transfersomes.

Notes: Results represents mean + SD (n=3). Two-way ANOVA analysis showed a significant
difference (*** = p < 0.001) between the mean values of original vs resuspended (a). Also showed
significant difference (**** = p < 0.0001) between the mean values of original vs extruded (b). But no
significant difference (ns = p > 0.05) between the means of extruded vs extruded and resuspended
was observed.
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Particle size and PDI, as highlighted by Nowroozi et al. (2018), are very influential in
the final characteristics and properties of vesicles [169]. Thus, it needs to be monitored
and optimised to achieve the best possible performance in drug delivery. Forming
smaller vesicles using bath sonication and extrusion may lead to greater instability of
transfersomes. This is because thermodynamically a higher input of energy is required
to form smaller vesicles. Thus these vesicles contain surplus energy that can lead to
greater instability compared to bigger transfersomes [83]. Hence the particle size of
the transfersomes was analysed during the production and size reduction to observe

the effects of the procedure on the vesicles and their homogeneity.

Two-way ANOVA analysis showed a significant difference between the mean of the
particles produced originally (just after bath sonication) compared to the resuspended
vesicles, i.e. samples centrifuged then pellet resuspended via vortexing [Figure 4.14
(a)]. It can be observed that the particle size, of all the formulations, are larger after
resuspension compared to the original samples. However, with further statistical
testing using Sidak’s multiple comparisons test only formulations D5E (p < 0.01) and
S5E (p < 0.05) were affected individually. The PDI of the resuspended particles is
overall lower compared to the original particles [Figure 4.15 (a)]. This is possibly the
result of the formation of more thermodynamically stable patrticle size upon vortexing
compared to the original, which had been exposed to bath sonication during

production.

Two-way ANOVA analysis also showed a significant difference between the mean of
the particles produced compared initially to the extruded particles [Figure 4.14 (b)]. The
results show all the extruded vesicles are much smaller in size compared to the original
samples, but with further statistical analysis (Sidak’s multiple comparison’s tests)
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mainly the formulations containing DPPE are significantly smaller in size, except for
D5E. Extrusion is generally a suitable method for size reduction of vesicles and
improvement of homogeneity of particle size, i.e. PDI [169], [200]. In Figure 4.15, the
PDI of the extruded particles is overall significantly lower compared to the original

particles, which is expected as the particles are smaller and more uniform in size.

Two-way ANOVA analysis also showed a significant difference between the mean of
the particles extruded compared to the particles that were extruded and resuspended
(after centrifugation) [Figure 4.14 (c)]. However, on individual analysis, only formulation
D10E was significantly higher in vesicle size (p < 0.05). There was no significant
difference observed between the PDI of the extruded particles versus the extruded and
resuspended particles (Figure 4.15). Commonly, the aim would be to observe PDI
values of less than 0.5, which would indicate a suitable size distribution within samples.
However, the lower, the better, and it can be seen from the results after extrusion all

the sample means are less than or equal to 0.5 [170].

Looking at the particles containing lecithin, they are much smaller compared to those
containing DPPE, which is likely due to the physical nature of the phospholipids as
DPPE is solid at room temperature whereas lecithin is liquid. This reduced particle size
may offer advantages in permeability studies. But looking at the extruded vesicles the
particles are mostly below 400 nm; thus most of the formulations will be suitable for

further studies based on the particle size and PDI.
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4.7.2 Zeta potential determination

mmmm  Orginal

=== [Extruded
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Figure 4.16: Zeta potential of the ten transfersomal formulations before and after extrusion.

Notes: Results represents mean + SD (n=3). Two-way ANOVA analysis showed significant difference
(**** = p < 0.0001) between the mean values of original vs extruded. Sidak’s multiple comparisons
test showed significant difference (* = p < 0.05) D10E and (** = p < 0.01) D5S5E compared to the
original zeta potential.

The mean zeta potential of the extruded transfersomes is significantly less negative
compared to the original samples (Figure 4.16). However, most of the formulations,
except for S5E and S10E, are still within the optimum range of -30 mV or below, which
means the samples should be stable colloidal systems and have reduced chance of
aggregation during storage [194]. Based on the literature, it is known that cholate
based transfersomes have negative zeta-potentials thus it was presumed DCP was
unlikely to be required to provide the electrostatic stabilisation in the formulation [79].
However, it can be seen from Figure 4.16 that although the negative charge is sufficient
in the presence of lecithin, in the presence of the positive phospholipid DPPE, the zeta
potential is less negative compared to the DCP formulation and it is around -18 mV
(S5E). In literature, an increase in the cholate bile salt led to greater negative surface
charge (-26.4 £ 2.5 mV to -34.9 + 2.2 mV), which was also observed in this study with

the formulation S10E having a more negative zeta potential than S5E [198]. But both
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formulations (S5E and S10E) still have zeta potentials less negative than -30 mV and
not above +30 mV; hence if these formulations were chosen for further studies, the

stability needs to be monitored.

4.7.3 Encapsulation efficiency of insulin
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Figure 4.17: Comparison of EE (%) and LC (%) of the ten transfersomal formulations before
and after extrusion.

Notes: Results represents mean = SD (n=3). Two-way ANOVA analysis of the mean values of original
vs extruded showed significant difference (**** = p < 0.0001) in the EE (%) but no significant
difference (p > 0.05) in LD (%). But both EE (%) and LC (%) results in the Sidak's multiple
comparisons analysis showed significant difference (* = p < 0.05) with S5E and S10E and (**** = p <
0.0001) with D5S5E and D5S5L.
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Looking at the individual results, comparing EE (%) and LC (%), the results appear
very similar (Figure 4.17). Statistical analysis (Sidak’s multiple comparisons test) of the
effect of extrusion showed a significant reduction of EE and LC for three of the
formulations (S5E, S10E and D5S5E), all of which contain the bile salt SGDC and the
phospholipid DPPE. These results correlate highly with the significant reduction in
particle size after extrusion. In another study, this phenomenon was also observed with
the EE decreasing upon decrease of particle size after extrusion [200]. This is possibly
due to the lower volume available to contain the drug within the vesicle bilayers, which
also explains the similarity of the LC results. The anomaly is formulation D5S5L, which
after extrusion resulted in a significant increase in the EE and LC. This is possibly due
to the particle size of this formulation being the highest among the lecithin containing
vesicles and lecithin is a more fluid phospholipid compared to DPPE, thus during
extrusion, the process may have aided drug entry within the fluid membrane of the
vesicle. Based on these results, after extrusion, the formulations with the best EE and

LC are D5E, D10E and D5S5L.
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4.7.4 Summary

Figure 4.18: Displays the transfersomal suspensions (from left to right D5E, D10E, S5E, S10E,
D5S5E, D5L, D10L, S5L, D10L, S5L, S10L and D5S5L) produced using Table 4.3.

The ten transfersomes produced using compositions suggested in Table 4.3 and
displayed in Figure 4.18 all showed optimistic results, after extrusion, in the
characterisation studies. In terms of particle size, all except (D10E) formed particles <
400 nm. However, the lecithin containing formulations were overall were much smaller
in size. PDI was also satisfactory with all formulations achieving a PDI of 0.4 or less.
The zeta potential was optimal (-30 mV or below surface charge) for most formulations,
except for S5E, S10E, D5S5E and S5L. In terms of EE (%) and LC (%), all
compositions achieved between 26-47% and 1-1.9%, respectively. Nevertheless, the
promising formulations in terms of EE (%), were D5S5L (46.8%), D10E (39.2%) and
D5E (39.0%). However, after carrying out viability assays (discussed in chapter 5), the
safest formulations were D5E and S5E. Thus, these two formulations would be taken
forward for further studies. Although D5E is the more favourable formulation, due to
the higher EE and optimal zeta potential S5E (29.4% EE) would be a good comparison

for permeability studies as it contains the bile salt (SGDC).
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4.7.5 Morphological studies
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Figure 4.19: SEM image of transfersomes (D5E).

The morphological analysis of transfersomes with SEM showed the particles to be
relatively spherical (Figure 4.19). However, some have aggregated together during
drying, and the observation is similar to the image of Tween 80 containing liposomes
seen in another study using SEM [201]. Observing the particle size based on Figure
4.19, most of the vesicles are less than 200 nm in size. This is much smaller than the
DLS measurement of the particle size; however, this is understandable as DLS
measures the hydrodynamic vesicle size and for SEM the particles are dried under
vacuum before imaging. Thus, there is a loss of liquid from the vesicle, which would
lead to the vesicles shrinking in size. The lack of correlation of SEM with DLS
measurements has been observed in other studies [202]. Lyophilization of the
transfersomes before SEM was considered and tested, but it was found, similar to
another study, that it did not depict the correct morphology of the actual transfersomes

[198].
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4.7.6 In-vitro release studies
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Figure 4.20: Cumulative % insulin release from transfersome D5E in PBS (pH 7.4) and 1% v/v
acetic acid (pH 2.9).

Notes: Results represent mean + SD (n=3). Two-way ANOVA analysis with Geisser-Greenhouse
correction showed insignificant difference (p > 0.05) between the release of insulin from D5E
transfersomes in PBS and 1% acetic acid. Abbreviation: Phosphate-buffered saline (PBS)
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Figure 4.21: Cumulative % insulin release from transfersomes S5E in PBS (pH 7.4) and 1% v/v
acetic acid (pH 2.9).

Notes: Results represent mean + SD (n=3). Two-way ANOVA analysis with Geisser-Greenhouse
correction showed a significant difference (* = p < 0.05) between the release of insulin from S5E
transfersomes between in PBS compared to 1% acetic acid. Sidak’s multiple comparisons test
comparing each time point of insulin release from S5E showed no significant difference (p > 0.05)
across all time points. Abbreviation: Phosphate-buffered saline (PBS)
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Figure 4.22: Comparison of cumulative % insulin release from transfersomes D5E and S5E in
PBS (pH 7.4).

Notes: Results represent mean + SD (n=3). Two-way ANOVA analysis showed a significant
difference (**** = p < 0.0001) between the release of insulin from D5E transfersomes compared to
S5E in PBS (pH 7.4). Sidak’s multiple comparisons test comparing each time point release of insulin
from D5E and S5E showed significant difference (** = p < 0.01) at 4 hours and (*** = p < 0.001) at
24 hours of release. Abbreviation: Phosphate-buffered saline (PBS)

Most of the release studies are carried out in PBS pH 7.4, as upon stimulation, due to
the presence of the patch, this is the likely pH in the buccal cavity [71]. However, in
literature, some liposomal formulations have been unstable in the presence of low
acidic temperatures (pH 2) [203], [204]. Thus, as the transfersomes will be
incorporated in buccal patches produced using chitosan, dissolved in 1% acetic acid
(pH 2.9), it is essential to test the release and determine if at this pH there are any

significant differences or burst release of insulin during the formation of the patch.

Comparing the release of insulin from the D5E transfersome in PBS (pH 7.4) and 1%
acetic acid (pH 2.9), no significant difference was observed (Figure 4.20). Thus,
showing the formulation is relatively stable at this pH for the duration tested. Two-way
ANOVA analysis of the formulation S5E showed the release in 1% acetic acid to be

significantly higher than in PBS (Figure 4.21). However, further statistical analysis
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showed no significant difference in the release of insulin when the release was
compared individually at each time point. But to be precautious, it is crucial when the
transfersomes are incorporated in the patch formulations that they should be placed
soon after in the freezer to prevent drug release from the transfersomes before freeze-

drying.

As shown in Figure 4.22 insulin release after 6 hours was 25.2 + 3.8% (D5E) and 29.2
+ 0.3% (S5E) and after 24 hours 30.9 + 4.8 (D5E) and 39.9 + 2.1% (S5E). Based on
the release studies S5E overall achieved significantly higher percentage drug release
compared to D5E, and this is possibly due to the greater leakage offered by the
hydrophilic bile salts, by forming transient pores within the bilayer, compared to DCP
[175]. Between 6 hours and 24 hours, the difference in the release is small and
resembles prolonged drug release. This phenomenon has been observed in other
studies looking at liposomes. Specifically, Span 60-based vesicles for delivery of drugs
such as doxorubicin and ketoprofen, which can be of therapeutic benefit if an extended
drug release is desired [205], [206]. This difference in the rate of release is explained
in literature as possible loose drug depots on the surface of the vesicles as well as in

the interphase between lipid tails and polar headgroups of the bilayer [132].

Furthermore, since the release from both transfersomal formulations (D5E and S5E)
does not reach even 50% of the total amount of insulin in 24 hours there is the
possibility that the indirect quantification of insulin encapsulation using the supernatant
may not be entirely representative of the total insulin encapsulated as discussed by
Hussain et al. (2019) [207]. However, often proteins are quantified indirectly, because
unlike small molecular weight drugs, solubilisation of protein containing vesicles could
compromise the protein molecule’s structural integrity leading to misleading and
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inaccurate results. Additionally, a study looking at protein quantification and
interference of liposomes found that solubilisation of anionic and neutral liposomal
formulations presented greater interferences in the results compared to cationic
liposomes [207]. Thus, further work would be required to optimise and develop an

accurate method of quantifying insulin directly.

4.7.7 Stability of transfersomes
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Figure 4.23: Stability of formulations D5E and S5E after three months of storage in the fridge
(2-8°C). (a) Particle size and (b) PDI.

Notes: Results represent mean = SD (n=3). Two-way ANOVA analysis showed insignificant
difference (p > 0.05) in particle size after three months of storage in the fridge in PBS (pH 7.4) for
both D5E and S5E (a). Two-way ANOVA analysis showed a significant difference (* = p < 0.05) in
PDI after three months of storage in the fridge. Tukey’s multiple comparisons test comparing each
formulation D5E and S5E showed insignificant difference (p > 0.05). Abbreviation: Phosphate-
buffered saline (PBS)

The vesicles were formed using bath sonication and extrusion, and thermodynamically
a greater input of energy is required to form smaller vesicles, thus contain surplus
energy, which over time can lead to greater instability compared to larger
transfersomes [83]. Looking at Figure 4.23 (a), in terms of particle size, statistical
analysis did not show any significant difference in size before and after storage (3
months 2-8°C). Two-way ANOVA analysis of PDI, however, did show the statistically

significant difference before and after storage. Individual analysis, using Tukey’s
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multiple comparisons test, showed an insignificant difference for both DSE and S5E.
Although statistically, the results may not be significant, due to the high error bars, it
can be seen, particularly for D5E, that the mean particle size is larger and there is
much higher variation within the results hence for D5E PDI is around 0.7 compared to
0.4 initially. Stability issues were expected for S5E, which initially had a zeta potential
of -18.3 = 0.3 mV. But the outcome is unexpected for D5E, which formerly had a zeta

potential of -30.1 + 0.1 mV and thus based on previous studies was meant to be stable.

4.8 Conclusion

In summary, two novel transfersomal formulations were formulated, and insulin release
after 6 hours was found to be 25.2 + 3.8% (D5E) and 29.2 + 0.3% (S5E). The work on
these vesicles led to the development of an optimised, efficient, and inexpensive
procedure for producing vesicles and reducing particle size using a combination of the
standard thin-film hydration technique, bath sonication and manual extrusion. Although
the release studies were carried out for 24 hours, for observation purposes, the
maximum intended duration of action would be 6 hours, as keeping formulations in the
buccal cavity for greater than 6 hours would likely cause discomfort for patients [77].
Hence further release and permeation studies of D5E and S5E were carried out for 6
hours. The chosen formulations were also tested for toxicity and permeability studies
(see chapter 5) and incorporated in mucoadhesive buccal patches and tested for

release studies (see chapter 6).
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5. Cell culture studies

5.1 Introduction

Porcine buccal mucosa has been suggested to be a good representation of the human
buccal mucosa. Still, based on literature and experience, there is a lot of variation in
the thickness of the mucosa, which makes it difficult for repeatability and consistency
in permeability experiments. Even when extreme care is taken during tissue
preparation, it is difficult to maintain the viability and integrity of the porcine buccal
mucosa [208]. Therefore TR146 buccal cells were selected for in vitro tests as they
can form stratified squamous epithelium similar to normal human buccal epithelium

[209], [210].

Studying permeability of drugs using an in vitro cell models, such as TR146, has the
advantage of being relatively simple but more importantly, a reproducible method of
predicting in vivo drug permeation. The cells are seeded in permeable supports and
allowed to grow in monolayers. The cells can form 4 to 7 layers between 3-4 weeks
and can display the ultrastructural characteristics similar to that of the average human
buccal mucosa [211], [212]. These characteristics include the presence of multilaminar
bodies, desmosomes, intermediate filaments, and microvilli-like processes. They also

lack tight junctions [211].
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5.2 Chapter aims

» To carry out toxicity studies on the final ten transfersomes using SRB toxicity
assay.

» To study the permeability capability of the top two transfersomal formulations
across TR146 buccal cells.

» To see if the presence of bile salt in the formulation will have any impact on the
permeation of insulin.

» Toimage the cells before and after permeation studies to observe any changes

in cell viability and morphology.

5.3 Materials and methods

5.3.1 Materials

RHI (27.5 1U/mg), sorbitan monostearate (Span 60), cholesterol (C8667), DCP,
polysorbate 80 (Tween 80), SGDC, dimethyl sulfoxide (DMSO),
hydroxyethylpiperazine ethane sulfonic acid (HEPES) solution (1M), atenolol, FITC-
Dextran (20kDa), Actinomycin D (2 mg/mL), Sulforhodamine B (SRB), PBS (pH 7.4),
Corning® 96 well TC-treated microplates, and Avanti® Mini-Extruder (fitted with 0.4-
micrometre polycarbonate membrane and with heating block) were all purchased from
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). DPPE and soybean lecithin were
purchased from Tokyo Chemical Industry (UK). The TR146 (ECACC 10032305),
human buccal mucosa cells, were obtained from Public Health England (London, UK).
Gibco™ Ham's F-12 Nutrient Mix, Gibco™ Fetal Bovine Serum (FBS), Gibco™ L-
Glutamine (200 mM), Gibco™ Hank’s balanced salt solution (HBSS, pH 7.4), Gibco

PBS (pH 7.4), Gibco™ trypsin-ethylenediaminetetraacetic acid (EDTA; 0.25%), and
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Gibco™ Penicillin-Streptomycin (10,000 units/mL) were all purchased from Fischer
Scientific (Leicestershire, UK). Sarstedt TC-inserts (polyethylene terephthalate
membrane bottom with a pore size of 0.4 um and surface area of 1.1 cm?) were
purchased from (Numbrecht, Germany). MilliQ® water was obtained internally using a
Merck Millipore Direct-Q® 3UV water purification system (Billerica, MA, USA). All other

chemicals and reagents used were of analytical grade.

Transfersomes were prepared using the traditional thin-film hydration technique,
discussed in chapter 4. The composition of transfersome content shown in Table 5.1

is only for viability assays looking at the influence of cholesterol and Tween 80.

Table 5.1: Composition of Tween 80 and cholesterol in the transfersomal formulations in
combination with Span 60 (120 umoles), DPPE (60 umoles) and DCP (30 pumoles). Total 5 mL

hydration liquid (insulin 1.5 mg/mL).
Formulation  Cholesterol (umoles, C) Tween 80 (umoles, T)

90

Abbreviation: 1,2-dipalmitoyl-3-sn-phosphatidylethanolamine (DPPE) and dicetyl phosphate (DCP)

The main results and discussion in this section are based on the ten transfersomal
formulations, shown in Table 5.2 below, which consists of Tween 80 with a combination
of either lecithin or DPPE with DCP or SGDC or both. Based on previous results, 60
micromoles of each transfersomal formulation was produced per mL of hydration liquid,

and the ratio of cholesterol was retained as 15% and Span 60 as 40%.
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Table 5.2: Percentage of the different components in each transfersomal formulation

tested (total 60 pumoles/mL).

Formulation Cholesterol Span 60 Tween DCP SGDC DPPE Lecithin
(% mol) (Yo mol) 80 (% (% (% (% (% mol)

mol) mol)  mol) mol)

D10E 15 40 15 10 20

15 40 20 5 20

S10E 15 40 15 10 20

D5S5E 15 40 15 5 5 20
Di0L 15 40 15 10 20

S10L 15 40 15 10 20
D5S5L 15 40 15 5 5 20

Abbreviation: Dicetyl phosphate (DCP), sodium glycodeoxycholate (SGDC), and 1,2-
dipalmitoyl-3-sn-phosphatidylethanolamine (DPPE)

5.3.2 SRB cell viability assay

Firstly around 2 X 10* cells were added to 96-well plates in 200 pL growth medium and
allowed to attach and grow. After 24 hours, the media was removed, and the correct
amount of formulation added with growth media and left for incubation for 24 hours.
The assay included the following as controls: (1) culture media only (without cells); (2)
culture media with only cells; (3) cells in the presence of two concentrations of the
cytotoxic actinomycin D as a positive control. After 24 hours of exposure, the
formulations were washed off five times with PBS and 100 pL of media added to each
well. Then 33 pL of cold 40% (wi/v) trichloroacetic acid (TCA) was added to all wells
and placed in the fridge for 1 hour. The wells were then washed four times with distilled
water and left on the bench to dry overnight. Next day 100 puL of SRB solution (0.4%
wi/v in acetic acid) was added to each well and left at room temperature for 30 minutes.

Next, to remove the unbound dye, the wells were washed four times with 1% (v/v)
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acetic acid and allowed to dry overnight. Subsequently, 100 pL of 10mM Tris buffer
(pH 10) was added to each well and left for 30 minutes to solubilize the protein-bound
dye. Finally, the optical density (OD) of each 96-well plate was read at 554 nm using a
microplate reader. To calculate cell cytotoxicity, first, the values must be corrected, by
subtracting the OD of the background control well (containing only media and no cells)
from all the ODs of the sample readings, then apply Equation 5.1 shown below.

Subsequently, to calculate (%) cell viability Equation 5.2 is applied.

Equation 5.1

o Control Cells — Tested Cells
Cytotoxicity (%) = Control Colls X 100

Equation 5.2
Cell Viability (%) = 100 — % Cytotoxicity
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5.3.3 CytoSMART Omni live cell imaging

To monitor and capture images of the TR146 cells during growth and viability studies
the novel CytoSMART Omni system was used, which is produced by CytoSMART
Technologies (Eindhoven, Netherlands). The system is connected to a windows-based
computer and works from inside standard COz2 incubators. It uses automated inverted
bright-field microscopy for imaging of cells in well plates [213]. The images are
uploaded and analysed using CytoSMART ™ Cloud. The magnification used in the
system is equivalent to a typical 10x objective of a standard bright field microscope.
Before the formulation and controls were added, the cells were given time to adhere
and grow over 18 hours, and the growth was monitored during this period. The study
was carried out in Corning® 96 well TC-treated microplates, and except for the blank
wells, all the other wells had 2 X 10* cells added. The controls included blank wells,
wells with only cells and actinomycin D (0.1 g/mL & 2.5 g/mL) as positive control. The
toxicity of the positive control was monitored over 24 hours. The test formulations
(Table 5.2) were all tested, but due to their opaque nature, images were only taken
after the 24-hour viability studies. The formulations were removed, the wells washed
five times with HBSS, then growth media added and 96 well plate placed back in the

incubator for imaging.
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5.3.4 Teer measurement for TR146 cells

TEER measurements were assessed using a Merck Millipore Millicell ERS (electrical
resistance system) Voltohmmeter (Billerica, MA, USA). The TEER was measured to
test the integrity of the epithelial cells cultured on permeable filter inserts, before and
after permeability studies, and to monitor growth over 30 days. TEER (Q.cm?) was

calculated using Equation 5.3.

Equation 5.3

Teer = (Resistanceipserts with cells — R€SIStanceinserts without cells ) X Surface Area of inserts

5.3.5 Permeation studies

Transwell insert

Transfersomes with insulin
encapsulated on apical side

TR146 cells

Microporous membrane

Free insulin

Media (Hank's balanced salt solution)

Basolateral side

Figure 5.1: Schematic illustration of the permeation of insulin across TR146 cell
layers on a transwell insert.
Adapted from [60]

Permeability studies were carried out over 6 hours using TR146 buccal cell line
(passage 14-20). It was performed according to Bashyal et al. (2018) but with some
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modifications, illustrated in Figure 5.1 [60]. TR146 cell, at a density of 2 x 10* cells/filter,
were seeded and cultured in 12-well Corning® culture plates with Sarstedt TC-inserts
and incubated at 37°C and 5% CO2. The media was changed every 2-3 days until the
TEER measurement reached around 55 Q.cm?. This indicated the cells were ready for
permeation studies, and this was usually around day 28-30, which corresponds with
previous literature [210]. For permeation studies, a total of 0.8 mL of HBSS with 25 mM
HEPES, with or without drug/formulation, was added to the apical membrane and the
inserts were then placed on the wells containing 1.2 mL of buffer in each well
(basolateral side). Samples (200 pL) were collected from the basal side, and replaced
with new buffer, at 30 minutes, 1 hour, 2 hours, 4 hours and 6 hours [the loss taken
into consideration in the permeability calculations (Equation 5.4)]. Studies were carried
out as five replicates for the formulations, and three replicates for the controls. The
amount of insulin loaded transfersomes was 8mg in 0.8ml, with insulin LC (%, SD) of
1.48 = 0.15 [D5E (total insulin 0.117 mg)] and 1.12 + 0.09 [S5E (total insulin 0.090
mg)]. The concentration of the controls was as follows: atenolol (0.125 mg/mL), dextran
(0.125 mg/mL) and insulin (0.1125 mg/mL). Also, controls with no cells and with cells
only were present throughout the experiment.
Equation 5.4
Mt =Vr xCt+Vs x Z(Ct)

Where

Mt = mass of insulin permeated at each time interval

V: = volume in the receptor compartment (basolateral side)

Ct = concentration of insulin at each time interval

Vs = sample volume
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2 (Ct) = cumulative insulin concentration at each time interval

The permeability parameters; steady-state flux (Js), permeability coefficient (Kp), and
enhancement ratio (ER) were calculated from the linear part of the permeation curve
[214]. They were calculated using Equation 5.5, Equation 5.6, Equation 5.7,

respectively.

Equation 5.5

O o
Js ==~ (hg.cm 2.s7h

Where Q, is the total permeated drug, A is the cross-sectional diffusion area (cm?),

and t is the time of exposure (seconds, s).

Equation 5.6

Where C, is the initial donor concentration (ug.cm-)

Equation 5.7

ER K, (insulin in test formulation)

K, (insulin control)
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5.4 Results and discussion

5.4.1 SRB cell toxicity assay
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Figure 5.2: The influence of Tween 80 inclusion and cholesterol reduction on cell viability.

Notes: Results show sample mean + SD (n=3). Two-way ANOVA showed significant difference (****
= p < 0.0001) between the sample means. Dunnett’'s multiple comparisons test showed significant
reduction (**** = p < 0.0001) in % viability across all concentrations of the transfersomal formulations
C90T0, C45T0 and C90T45 (except at 5 mg/mL, ** = p < 0.01) compared to the control (0, cells only
no formulation). No significant difference (ns = p > 0.05) was observed with C45T45 at concentrations
of 5 mg/mL and 10 mg/mL, but significant reduction (**** = p < 0.0001) was observed at
concentrations of 15 mg/mL and 20 mg/mL.

The concentration of transfersomal formulations chosen for the study was based on
preliminary studies, as well as the calculation of the amount of insulin contained, which
would be necessary to have a reasonable therapeutic effect. Thus, the higher the
concentration of transfersome that is safe and non-toxic to cells, the higher the amount
of insulin that is available for permeability studies, and to exert medicinal effect if the
product is successful. The results in Figure 5.2 show the level of toxicity is generally
C45T45 < C90T45 < C45T0 and C90TO across all concentrations, although there is

less variation between C45T0 and C90TO. Thus, the results demonstrate the presence
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of Tween 80 has some protective effect on the cell viability, which may not be surprising
as Tween 80 is sometimes used as a stabilising agent for proteins in in vivo studies
[215]. This result is also supported by another study, which found Tween 80 was safer
at much higher concentrations on human fibroblast cultures, compared to the other
surfactants tested [216]. This observation may explain why Tween 80 is one of the
most extensively used surfactants in parenteral protein formulations [178]. As
expected, similar to other studies on surfactants, all the formulations demonstrated
concentration-dependent cell toxicity, particularly for C45T45, which is insignificantly
different to the viability of the control (cells only) at 5 mg/mL and 10 mg/mL. Still, at the
higher concentrations, the viability is significantly lower than the control [217]. Thus,
this shows the presence of Tween 80 will be useful in the formulation, but further

studies need to be carried out to investigate variation.
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Figure 5.3: % Viability of TR146 cells after 24-hour exposure to two concentrations of the
positive control and the test transfersomes.

Notes: Results represent mean £ S.D. (n = 3). Note that control [(cells only) low & high represents
100%]. Two-way ANOVA analysis showed insignificant difference (p > 0.05) between the low and
high dose of formulations but showed significant difference (**** = P < 0.0001) between the means
of the formulations and the positive control actinomycin D (low 0.1 pg/mL & high 2.5 pg/mL). Dunnett’s
multiple comparisons test comparing formulations 1-10 (low 5 mg/mL & high 10 mg/mL) compared
to the control all showed significant difference (* = p < 0.05) except formulation D5E and S5E
(highlighted as ns = p > 0.05).

The in vitro cell viability of the ten insulin loaded transfersomes was tested at two
different concentrations (5 and 10 mg/mL) on TR146 buccal cells, and Figure 5.3,
represents the results. When carrying out cytotoxicity assays, if a tested compound
decreases the viability of the cells to less than 70% of the control group, which is set
as 100% (the cells in the presence of culture medium alone), then the compound has
the cytotoxic potential [218]. Actinomycin D, a potent inducer of cell apoptosis, was
used as a positive control, as it has been found to block the transcription of all RNA
synthesis at doses greater than 1 pg/mL [219], [220]. Looking at the results for

actinomycin D, the SRB study can demonstrate concentration-dependent cytotoxicity.
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2-way ANOVA analysis of the results for both the low (0.1 pg/mL) and high (2.5 pg/mL)
actinomycin D dose resulted in significant (P < 0.0001) reduction in cell viability
compared to the control and much lower viability than 70%. Only two formulations,
D5E and S5E, at the higher concentrations, were found to have % viability not
significantly different from the control (cells only) and above 70% viability. Looking at
Figure 5.3 it can be observed that the formulations containing DPPE (both at 5 mg/mL
and 10 mg/mL) are mainly around 70% while the results for Lecithin are approximately
60%. To confirm these observations, the mean average and SD of the results of DPPE
and lecithin were calculated and found to be 74.6 £ 3.7 (n =30) and 61.2 + 2.7 (n =
30) respectively. This suggests the use of DPPE could be a safer to use as a
phospholipid in these formulations compared to lecithin. Although the composition of
these transfersomes differ, in a study looking at elastic bilosomes, SGDC, (15% wi/w)
in combination with soy lecithin (85% w/w), was found to be safe to use at a
concentration of 1.25 mg/mL based on the in vitro viability studies [60]. In comparison
to this study, the mass of SGDC in the 5 mg/mL is comparable to the 1.25 mg/mL, and
the 10 mg/mL concentration is relative to the 2.5 mg/mL. The lecithin formulation used
with the same amounts of SGDC in our study showed significant toxicity (p < 0.001) at
both concentrations; however, the presence of the other ingredients (Span 60, Tween
80 and cholesterol) must be taken into consideration. Additionally, not all lecithin has
the same composition and ratios of the different types of phospholipids, which may
also influence the formulation [221]. On the other hand, with DPPE at the higher
concentration, the difference between the control and formulation S5E was found not
to be significant (P = 0.5), and separate comparison of the low and high dose also
showed insignificance. These results led to the transfersomal formulations, D5E and
S5E, being carried forward for permeability studies.
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5.4.2 CytoSMART live cell imaging

Figure 5.4: CytoSMART images showing the growth of TR146 cells over 42 hours.

Notes: (A) Blank no cells; (B) cells just added; (C) 6 hours growth; (D) 12 hours growth; (E) 18 hours
growth; and (F) 42 hours growth.
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Figure 5.5: CytoSMART images showing the effect of actinomycin D (2.5 pg/mL) on TR146
cells over 24 hours.

Notes: (A) After 18 hours of cell growth Initial addition of actinomycin D (AD); (B) 1 hour after AD
addition; and (C) 24 hours after AD addition.

It can be seen from Figure 5.4 initially the cells are free in solution then slowly they are
adhering to the bottom of the well and multiplying, and at 18 hours they are mainly
adherent. After 42 hours it can be observed they have contentedly increased in
numbers. After 18 hours of growth, the formulations, and the positive control
actinomycin D is added to the wells. Figure 5.5 shows the effect of the presence of the
positive control, which is a potent inducer of cell apoptosis [219]. As soon asiitis added
the cells start to shrink (A) and just after 1 hour there is a clear difference in
morphology, and the cells appear to detach from the bottom of the wells. After 24
hours, the cells look almost wholly diminished and dead. This is supported with the
SRB viability assay, which indicated at this concentration the cell viability to be 9 *

5.8% after 24 hours.
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Figure 5.6: CytoSMART images of TR146 cells following removal of formulations and
replacement of media after 24 hours.

Notes: (A) Control no cells; (B) Control cells only; (C) Actinomycin D 0.1 pg/mL); (D) Actinomycin D
2.5 pg/mL; (E) D5E 5 mg/mL; (F) D5E 10 mg/mL; (G) S5E 5 mg/mL; and (H) S5E 10 mg/mL.
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After 18 hours of cell attachment and growth, the positive control and the transfersomal
formulations were added to the wells for monitoring of their effect on cell viability and
morphology. Figure 5.6 represents the cells, washed, and media replaced, after 24-
hour exposure of the cells to the transfersomal formulations and the positive control.
Looking at Figure 5.6, it can be seen, there is a clear difference, in the number and
morphology of the cells, between the cells exposed to the positive control compared
to the formulations D5E and S5E at both low and high concentrations. At both
concentrations of actinomycin D it can be observed that there are very few cells left,
which is expected at small doses (<0.1 g/mL) it causes preferential inhibition of
ribosomal RNA synthesis while at doses greater than 1 pg/mL it causes blockage of
transcription of all RNA species [219], [220], [222]. The images of the cells after
exposure to D5E and S5E are more pronounced and bolder compared to the cells only
control, but this may be due to incomplete washing of the cells or some formulation
trapped between cells. It can be noticed, however, that cells have more significant
space or are not as tightly clustered in the cells exposed to the transfersomes
compared to the control. This supports the results from the TEER studies, which

suggested that the transfersomes affected the integrity of the cells.
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5.4.3 TEER measurement across TR146 cells

To confirm the integrity of the TR146 cells, before and after permeation studies, TEER
measurements were carried out. These results are similar to the initial TEER values
seen in the study on elastic bilosomes [60]. TR146 cells generally have lower TEER
measurements, compared to intestinal cell lines such as Caco-2 (~260 Q.cm?). This is
possibly due to the lack of tight junctions in these cells, which is reflective of their
absence in the normal human buccal epithelium [211]. No significant difference was
seen in the TEER measurements between the controls, but the two tested formulations
did result in significantly lower TEER values, which are displayed in Table 5.3 below.
This indicates that the formulations have some effect on the integrity of the TR146
cells, which could be related to the extraction of intercellular lipids by the
transfersomes, as this is a possible mechanism by which these molecules act as

penetration enhancers in the buccal mucosa [223].

Table 5.3: TEER measurements across TR146 cells before and after permeability studies.

Treatment Before permeability After permeability
studies TEER (Q.cm?) studies TEER (Q.cm?)
Control 55.7+23 53.2+55
Insulin only 56.5+4.4 528+2.2
D5E 55.4+35 45.8 + 2.8*
S5E 56.1+3.8 42.2 + 2.8**

Notes: Control (cells only) and results represent mean + S.D., (n = 3).
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5.4.4 In vitro permeation studies

Table 5.4: Permeation parameters calculated from in vitro permeation of TR146 cells.

Drug Js (Mg.cm2.s1) x 10* | Kp (cm.s?t) x 10 | ER insulin
FITC-Dextran 3.22 + 0.09 **** 2.57 + 0,07+ NA
Atenolol 7.78 + 0.59 6.22 + 0.47 NA
Insulin 7.03 £ 0.59 6.25 + 0.52 1.00
Insulin in D5E 4.99 + 1.04** 3.38 + 0.70%* 0.54
Insulin in S5E 3.35 + 1.22% 2.98 + 0,11 %+ 0.48

Notes: Results represent mean £ S.D., (n = 3 for control insulin, dextran and atenolol and n = 5 for
insulin from D5E & S5E). ** p < 0.01 versus control insulin & **** p < 0.0001 versus control insulin.

25—
—x— Atenolol
—e— Insulin

—&— |nsulin (D5E)
—— |nsulin (S5E)

—o— FITC-Dextran

Cumulative drug permeation (jmg)

Time (hours)

Figure 5.7: Cumulative drug permeation (ug) of atenolol, insulin (control), insulin (D5E), insulin
(S5E) and FITC-Dextran across TR146 cell layer.

Notes: Results represent mean + S.D., (n = 3 for insulin control, atenolol and FITC-Dextran) and [n
= 5 for insulin (D5E) and insulin (S5E)].

The cumulative permeation profile (ug) of the controls (insulin, atenolol and FITC-
dextran) and the insulin-containing transfersomes, across the TR146 cell layers, were

calculated against each time point and is displayed in Figure 5.7. The capacity for the
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controls and insulin from the test transfersomal formulations to traverse the TR146 cell
layers over six hours was evaluated by calculation of the steady-state flux (Js) and the
permeability coefficient (Kp) (Table 5.4). The enhancement ratio for the tested
transfersomes versus the control insulin was also calculated and is shown in Table 5.4
above. Atenolol was used as a control as it is a small hydrophilic drug, with molecular
weight (Mw) of 266 Da, and it has been previously tested for permeability across the
TR146 cells. FITC-Dextran was used as a second control as it is a large (Mw 20,000
Da) hydrophilic molecule, compared to insulin (Mw 5808 Da) [98]. In a previous study
looking at the permeation of FITC-Dextran molecules weighing from 4,000 to 40,000
Da, it was demonstrated that the K, decreased linearly with increasing Mw [212].
Hence the prediction was that the atenolol would achieve the highest K, as small
hydrophilic molecules (Mw < 300 Da) can traverse the cell layers via passive
paracellular diffusion, then insulin and finally FITC-Dextran [224]. As expected, the
results in Table 5.4, shows FITC-Dextran attained significantly (p < 0.0001) lower Kp
than both insulin and atenolol. But surprisingly insulin and atenolol both achieved high

Kp with no significant difference between the two.

In another study, the apparent permeability coefficient of atenolol was found to be 2.2
x 106, Still, this lower result is possibly related to the higher initial TEER of the cells
(247 + 70 Q.cm?) compared to TEER of ~ 55 Q.cm? in this study [225]. Again, this
difference in TEER may also explain the high permeability of the control insulin as
reduced integrity may allow for the greater crossing of bigger molecules. Another
possible explanation is that a study looking at the mechanism and route of insulin
permeation, involving the use of FITC-insulin and confocal microscopy, observed that

insulin could traverse TR146 cell layers via both passive and active transport [226].
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Hence possible use of the combined route could have led to the greater permeability
of insulin, but further investigations of this potential are required. Looking at the ER of
the two test transfersomes (D5E and S5E), and the drug permeation profile, neither
managed to enhance the permeability of insulin compared to the control within the 6
hours of the study. This could be for the reason that during epicutaneous application
the penetration is suggested to occur as a result of the difference in osmotic gradient
between the surface of the skin and the intercellular lipids but using the TR146 cell
model the cells have to be maintained hydrated with HBSS. Thus, the hydration
gradient is absent, and this would be similar to applying drug-containing transfersomes
under occlusion, which has been shown to disable these ultradeformable carriers by
removing the main driving force in crossing membranes [177]. Thus, the primary
mechanism of permeation across the TR146 cells, in this study, is possibly permeation
via fusion of the transfersomes with the buccal membrane [227], [228]. Additionally,
the hydration of cells could loosen the interstices, which could result in the
accumulation of insulin within the cell layers and thus prolong its permeation across
the cells [228]. In another study, the presence of SGDC, with lecithin, managed to
achieve an ER of 5.24 [60]. But in this study in combination with DPPE, cholesterol,
Tween 80, and Span 60, it was unable to perform as well. This may also be due to the
difference in particle size as SGDC with lecithin is around 146 nm while S5E is
approximately 267 nm; hence the larger particle size can reduce the permeability

capability.

5.5Conclusion

Although the results for permeability are not as hoped, the results may not represent

the in vivo condition, and either of the formulations (D5E or S5E) may still be capable
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of enhancing the permeability of insulin in vivo. Particularly as SGDC is a dihydroxy
bile salt, and there are indications that it may have the ability to reduce degradation of
proteins/peptides through inhibitory effects on peptidases on the buccal membrane
[64]. The reduction in TEER values, and the CytoSMART images of the cells exposed
to the formulations, indicate application in vivo, can result in some tissue damage, but
this usually is reversible in the buccal mucosa and may not be as significant compared
to other mucosa in the body [60]. Additionally, a decrease in formulation concentration,
maybe the solution to the disturbance of tissue integrity as in previous literature [60].
Also, further investigations are required to examine the exact permeation pathway of
both insulin and the transfersomes. As being deformable, and the integrity of the cells
disturbed, it may be possible for the transfersomes to have crossed the cell layers
intact without releasing insulin. Additionally, it is feasible that the transfersomes may
have entered the buccal cells and remained within the cells if entry was via the

transcellular pathway, and thus resulting in low permeation.

These studies demonstrated SRB toxicity assays to be a reliable study with TR146
buccal cells, and actinomycin D was found to be an excellent concentration-dependent
positive control. These to my knowledge have not been investigated with TR146 buccal
cells previously. CytoSMART is also a relatively novel imaging technique, which has

not been used in this manner but again exhibited suitability for the purpose.
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6. Formulation and characterisation of a mucoadhesive buccal patch

6.1 Introduction

The rationale for designing a mucoadhesive buccal patch was to provide a carrier as
well as greater contact time for the drug at the site of absorption and permeation.
Freeze-drying was chosen as the drying method as both insulin and lipid vesicles can
have stability issues, such as the formation of aggregates and sometimes drug leakage
[229]. Although a cryoprotectant is needed to minimise such drawbacks in the
formulation. A study found the addition of sorbitol to the formulation was able to offer
proper protection for preventing structural changes to insulin during freeze-drying and

increased stability overall in the tested storage conditions [39].

As reviewed by Shaikh et al. (2011), the most common technique for assessing
bioadhesion is using tensile strength method [114]. Several studies have been carried
out using texture analysers to measure the force necessary to detach bioadhesive films

from excised tissue in vitro to assess bioadhesion [230], [231].

Ethylcellulose is a polymer that is often used for the production of impermeable backing
layers for patches [232], [233]. This is because it is a water-insoluble polymer that is
biocompatible and non-allergenic [234]. It also has an excellent safety profile as it is
FDA approved and a GRAS ingredient [234]. It is particularly favourable for buccal
delivery as it is both tasteless and odourless. It is soluble in a variety of organic
solvents, such as ethanol and chloroform, and is stable across a wide range of acidic

and alkaline environments (pH 3-11).
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Impermeable backing layer
Transfersomes containing insulin

Porous mucoadhesive layer

Figure 6.1: Schematic representation of the double-layered patch consisting of a

mucoadhesive layer (with transfersomes) and an impermeable backing layer.

In this chapter, the overall goal was to evaluate the appearance as well as
mucoadhesive properties of several polymers, plus a cryoprotectant, after freeze-
drying, for a buccal patch formulation for the incorporation of insulin-containing

transfersomes (Figure 6.1).

6.2 Chapter aims

» Selection and optimisation of cryoprotectant (sorbitol or trehalose).

» Use of factorial design for the preparation and evaluation of experimental
factors.

» Maximisation of mucoadhesiveness of freeze-dried patches in the presence of
the cryoprotectant.

» Optimisation of polymers to produce compact, flexible and aesthetically
appealing lyophilised patches.

» Embed the final transfersomes in the optimised patches and analyse
physicochemical properties using DSC and XRD.

» Combine mucoadhesive layer with impermeable backing layer and carry out

insulin release studies of the final patches with transfersomes embedded.
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6.3 Materials and methods

6.3.1 Materials

Sodium alginate (12,000-40,000 Da), low molecular weight chitosan (50,000-190,000
Da), hydroxypropyl methylcellulose (HPMC, viscosity 40-60 cp, 2% in H20), D-sorbitol
(= 98%), glycerol (= 99%), trehalose, ethylcellulose, cyanoacrylate adhesive (medium
viscosity), RHI (27.5 1U/mg), sorbitan monostearate (Span 60), cholesterol (C8667),
DCP, polysorbate 80 (Tween 80), SGDC, and PBS (pH 7.4) were all purchased from
Sigma-Aldrich  (Merck KGaA, Darmstadt, Germany). 1,2-dipalmitoyl-3-sn-
phosphatidylethanolamine (DPPE) was purchased from Tokyo Chemical Industry
(UK). HPLC grade ACN, TFA (99+%) and Silicagel orange (ACROS Organics™) were
purchased from Fischer Scientific (Leicestershire, UK). Porcine buccal tissue was
obtained from Jennings C D & Sons (Surbiton, UK). MilliQ® water was obtained
internally using a Merck Millipore Direct-Q® 3UV water purification system (Billerica,

MA, USA). All other chemicals and reagents used were of analytical grade.

6.3.2 Minitab experimental design

The development and evaluation of pharmaceutical formulations have traditionally
been through monitoring the effects of one variable at a time, which can be time-
consuming [235]. Additionally, this strategy can exclude observations of combined
effects of ingredients, particularly in complex formulations with multiple ingredients
such as patches. To study the influence of several polymers (HPMC, sodium alginate
and Low MW chitosan), the cryoprotectant sorbitol, and the plasticiser PEG 400 on
mucoadhesion Minitab design of experiment (DOE) was used. For all the experiments,
general full factorial designs were created with either 2 or 3 factors and levels varying
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from 2-4 levels for each factor. These designs are shown in the appropriate discussion
sections (Figure 6.5, Figure 6.9 and Figure 6.11). All were completed in triplicates with

randomised runs.

6.3.3 Method of patch preparation

The method was adapted from previous literature [110]. The correct amount of
constituents (chitosan, sodium alginate, HPMC, sorbitol, trehalose and sometimes
PEG 400) as suggested by the DOE, were dissolved in water (or 1% acetic acid for
chitosan containing mixtures) in a glass vial or beaker under magnetic stirring. Once
all the constituents were dissolved aliquots of 2 mL of each formulation transferred to
the allocated wells of a 12-well plate. To produce transfersome/insulin-containing
patches, these were added and gently mixed with the polymer solution prior to well
transfer. Once all wells were settled and bubble-free, the lid was placed back on the
plates and transferred to a -20°C freezer; to enable the samples to freeze slowly
overnight (minimum 18 hours). Subsequently, the lids of the plates were removed, the
plates wrapped in a layer of cling film, and one hole pierced above each well. Next,
samples were moved to a BenchTop Pro with Omnitronic freeze dryer (SP Scientific,
SP industries Inc, Missouri, USA). To ensure complete drying, the freeze-drying
process was carried out for 48 hours. The sample was then ready for studies, and any
unused patches were placed in the -20°C freezer for storage. Experiments were

typically completed within three days of patch production.

6.3.4 Preparation with a backing layer

The backing layer was produced by dissolving ethyl cellulose (5% wi/v), under magnetic
stirring, in a solution of glycerol (10% v/v) in ethanol. 1.5 mL of this solution was
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transferred to each well of a 12-well plate solution and left overnight in a fume hood to
dry. Once dry, the backing layer was attached to the freeze-dried mucoadhesive layer,

by applying a thin coating of cyanoacrylate adhesive between the two layers.

6.3.5 Stability studies of buccal patches

During studies, it was observed that the patches were hygroscopic. Hence the final
formulations of patches with or without insulin/transfersomes were stored both in a
desiccator and the freezer for two months (2mo) to see if there was any changes in the
amorphous crystalline structure of the patches during storage using XRD studies.

Samples in the desiccator were stored in the presence of silica gel orange.

6.3.6 EXx vivo testing of mucoadhesion

The formed patches were tested for mucoadhesiveness using a TA.XT Plus Texture
Analyser (Stable Micro Systems, Surrey, UK). The Exponent software was used for
data collection as well as setting up and running the experimental method (Stable Micro
Systems, Surrey, UK). A technique in literature was adapted and optimised to test the
patches with the aim of drug delivery via the buccal mucosa [236]. The method was
set up with the following parameters: pre-test speed 0.5 mm/s, test speed 0.5 mm/s,
post-test speed 10mm/s, applied force of 20 g (or 0.196 N), return distance of 15 mm,
a contact time of 60 s, trigger force of 5 g (or 0.049 N) with trigger type being set as
auto. The patches were cut to size (10 mm x 10 mm) and attached to a cylindrical
probe (P/10, 10 mm in diameter) using double-sided adhesive tape. The probe, with a
patch attached, was then tested for mucoadhesiveness by slowly approaching the

porcine buccal mucosa or solidified gelatine (6.5% wi/v) (both thinly wetted with PBS)
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maintaining contact (60 s) and detaching (Figure 6.2). On completion of each run, the

key result generated by the software was the peak force (adhesiveness, N).

Figure 6.2: Testing mucoadhesiveness on porcine buccal mucosa using a TA.XT Plus

Texture Analyser (a & b). Testing mucoadhesiveness on solidified gelatine (c).
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6.3.7 In vitro release studies
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Figure 6.3: Schematic illustration of the release of insulin in release studies from the

insulin containing transfersomes in the double-layered mucoadhesive patch.

Method adapted from previous literature [110]. The release of insulin from the patches
was carried out in 4 mL of PBS (pH 7.4) at 23°C, over 6 hours. The patches were
placed at the surface of the liquid with the mucoadhesive layer submerged in the PBS
(shown in Figure 6.3). At each time point (0.5, 1, 2, 4, and 6 hours) samples of 0.8 mL
was transferred to allocated 1.5 mL Eppendorf tubes and replaced with fresh 0.8 mL
of PBS [this loss was taken into account in the release profile calculations (Equation
4.1)]. The samples were then centrifuged at 13.3 rpm for 30 minutes at 4°C using a
Micro Star 17R centrifuge (VWR international, Leicestershire, UK). The supernatant
was then analysed for insulin content using HPLC (see chapter 2). As suggested in the

method, the release was carried out at 23°C instead of 37°C to reduce the occurrence
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of insulin self-aggregation [110], [237]. The release studies were performed on the final
patches S and C, detailed in Table 6.1. The release study included control patches
containing insulin (0.36 mg/patch), transfersomes D5E (total insulin 0.467 mg in 4mL)

and S5E (total insulin 0.353 mg in 4 mL), detailed in Table 6.2.

6.3.8 Thickness, surface pH and swelling studies

The thickness of the patches (3.5 cm?) was measured using a digital calliper, by
measuring at the centre point. The wetted surface pH was tested using colour-fixed pH
indicator sticks (pH 4.5-10, Fisherbrand, Fisher Scientific, Leicestershire, UK). Six
samples of each were measured. Swelling studies were attempted, according to
previous literature; however, the patches could not be weighed accurately as upon

wetting they patches disintegrated [110].

6.3.9 Morphology of patches

The morphological examination of the patches was carried out using a ZEISS EVO 50
tungsten source scanning electron microscopy (SEM, Germany). Samples were
prepared on specimen stubs and coated with gold/palladium under vacuum with a
Polaron SC7640 sputter coater (Quorum Technologies LTD, Kent, UK) before being

imaged.

6.3.10 X-ray diffraction analysis

X-ray diffraction (XRD) was carried out using a Bruker-AXS diffractometer (model D8,
Bruker AXS GmbH, Karlsruhe, Germany). The x-ray wavelength was set up as 0.1542
nm (or 1.542 Angstrom). The samples (~0.5 g) were scanned between the ranges of
5°-50° (20), with increments of 0.1° at step time of 2 seconds (Temp 20°C).
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6.3.11 Thermal analysis

Thermal analysis was recorded using differential scanning calorimetry (DSC, Mettler
Toledo DSC822¢, Mettler-Toledo Ltd, Leicester, UK). 3-5 mg of the freeze-dried
patches or raw powdered ingredients were weighed and transferred to 40 pL
aluminium pans. The pan was then sealed with an aluminium lid, which was
subsequently pierced to produce a tiny hole on the lid. The sample pan and the empty
aluminium reference pan were placed in the instrument and the method initiated. The
method consisted of 10 °C per minute heating rate over the range of 25-350 °C. The

thermograms were analysed using the software STAR®SW 10.
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6.4 Results and Discussions: Initial studies and choice of cryoprotectant

Figure 6.4: Images of freeze-dried patches produced using HPMC (0.5% w/v) with different
ratios of cryoprotectant and polymer [row 1 cryoprotectant (3% w/v) and polymer (0.5% w/v),
row 2 cryoprotectant (1% w/v) and polymer (1% w/v), and row 3 cryoprotectant (3% w/v) and
polymer (1% w/v)]. (&) Trehalose and Chitosan and (b) Trehalose and Sodium alginate (c)
Sorbitol and Chitosan and (d) Sorbitol and Sodium alginate.

One of the preliminary steps in the choice of polymers was to freeze-dry several
combinations of polymers (HPMC, chitosan and sodium alginate) with different ratios
of either sorbitol or trehalose as a cryoprotectant, and examine the patches in terms of
appearance, uniformity of appearance, softness and rigidity. In the patches that

contained only HPMC, with a cryoprotectant, the products showed signs of phase
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separation as the final products formed two distinct layers with one layer being rigid
and another layer that appeared as solid froth. This resulted in varied outcomes for
mucoadhesiveness. Hence, HPMC was used in combination with other polymers to
form patches. After many initial attempts with the two cryoprotectants, it can be seen
from Figure 6.4, with the exception of row 2 (c), the patches containing sorbitol (c and
d) have rows of patches that are generally more aesthetically appealing, more uniform,
have a smooth surface, absence of fractured surfaces and appear typically more
robust compared to the trehalose containing patches (a and b). Thus, sorbitol was

chosen to be used for further studies.

6.5Results and Discussion: Comparison of gelatine and porcine buccal

mucosa in mucoadhesive experiments

Porcine buccal tissue is often used in studies to represent the human buccal mucosa
[238], [239]. However, the surface of porcine buccal mucosa, shown in [(b) Figure 6.2],
is not entirely smooth and can vary slightly depending on the different regions and also
between different batches. To confirm the use and reliability of the porcine buccal
mucosa, the same factorial design (Figure 6.5) was repeated but using solidified
gelatine in a petri dish [(c) Figure 6.2] to mimic the mucosa and provides a repetitive
smooth surface. The mucoadhesive strength of the formulations was measured and
compared mainly using the maximum force required for detachment of the applied
patch from the buccal mucosa or gelatine (labelled Peak Force (Adhesiveness, N) in
the analysis), which provides an insight into the retention of the film in the buccal cavity

[240].
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Factor Name Type Levels Level Values

A Numeric | 4 0 1 3 5

B HPMC | Numeric | 3 0 0.5 1
c Chitosan | Numeric | 2 0.5 1

Figure 6.5: Image showing the level and level values of a general factorial design used for the

formation of mucoadhesive patches with sorbitol, HPMC and chitosan.
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Figure 6.6 Main effect plot for peak force (adhesiveness, N) for LMW chitosan, HPMC and

sorbitol tested on solidified gelatine (n= 3, Minitab).
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Figure 6.7: Main effect plot for peak force (adhesiveness, N) for LMW chitosan, HPMC and

sorbitol tested on the porcine buccal mucosa (n= 3, Minitab).
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It can be seen by comparison of both Figure 6.6 and Figure 6.7 that the trend in the
results is very similar for both the porcine buccal mucosa and the solidified gelatine.
Although the mean force is greater when using gelatine compared to porcine mucosa
it is the overall trend comparison that is significant as it can be seen that although the
porcine mucosa may not be entirely smooth and may vary slightly between batches, it
does not affect the results in terms of testing mucoadhesiveness. Thus, it can be used

as a reliable surface for testing of patch mucoadhesion.

As expected, an increase in the concentration of chitosan leads to an increase in the
force of adhesion, possibly due to chitosan being cationic and hence at higher
concentration results in greater electrostatic interactions with the anionic surfaces of

the mucosa.

Remarkably, this was not the case with HPMC, as the optimum concentration appears
to be 0.5% wl/v. It can be observed from the results that the addition of HPMC greater
than 0.5% wl/v results in a decrease in mucoadhesion. A similar phenomenon was
observed in another study working with chitosan and hydroxyethyl cellulose [241]. In
this study, it was suggested increasing the concentration of hydroxyethyl cellulose,
increased the elasticity of the film, which subsequently caused a reduction in the

adhesive force between the porcine tissue.
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Figure 6.8: A sample 12-well plate containing the lyophilized patches of four different
formulations of chitosan [column 1 (Sorbitol 5% w/v, HPMC 0% w/v & Chitosan 0.5% w/v),
column 2 (Sorbitol 1% w/v, HPMC 1% w/v & chitosan 0.5% w/v), column 3 (Sorbitol 1% wi/v,
HPMC 1% w/v & chitosan 1% w/v) and column 4 (Sorbitol 3% w/v, HPMC 0.5% w/v & chitosan
1% wiv).

The results show an increase in sorbitol concentration leads to a decrease in the force
of adhesion (Figure 6.6 and Figure 6.7). One reason for this occurrence is due to the
increase in sorbitol concentration resulting in more significant interference with the
mucoadhesive polymers, chitosan and HPMC, within the matrix. But in general, it was
observed during the studies that patches that contained the higher concentrations of
sorbitol (5% w/v) produced patches that were soft, porous, and fragile as can be seen
in the first column of Figure 6.8. Whereas the lyophilized patches, containing low
concentrations of sorbitol (0-1% w/v), formed the more robust, aesthetically appealing,
and flexible patches that were easy to remove from the moulds (column 2-4). This
outcome was possibly due to the hygroscopic nature of sorbitol, which at higher
concentrations will initially incorporate more water molecules between the polymer
matrix then once the water has evaporated there will be more air incorporated within

the structure. It is known that an increase in porosity leads to lesser strength in
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materials [240]. However, it was observed during the studies that the level of porosity
and fragility because of the concentration of cryoprotectant differed depending on the
type and ratios of the polymers used. Thus in further studies, the formulations were
continually optimised in the polymer combinations (HPMC with either chitosan or
sodium alginate) to accommodate higher concentrations of sorbitol, which will be a
crucial ingredient for cryoprotection of insulin and the transfersomes within the patch

in the final formulation [127].

6.6 Results and Discussion: Comparison of sodium alginate in the presence

of different concentrations of sorbitol and HPMC

Factor Name Type Levels Level Values
A Numeric | 4 0 1 5 10
B HPMC | MNumeric | 3 0.5 1 2
C 5. alginate | Numeric | 3 0 1 2

Figure 6.9: Image showing the level and level values of a general factorial design used for the

formation of mucoadhesive patches with sorbitol, HPMC and sodium alginate.

It was observed with chitosan that the presence of HPMC enhanced
mucoadhesiveness of the patch at an optimum concentration of 0.5% w/v, but further
increase resulted in a decline in mucoadhesiveness. Thus, to confirm whether or not
the same effect would be observed with sodium alginate, a higher concentration of 2%

w/v HPMC was also included in the factorial design (Figure 6.9).
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Main Effects Plot for Peak Force (Adhesiveness, N)

Data Means
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Figure 6.10: Main effect plot for peak force (adhesiveness, N) for sodium alginate, HPMC and

sorbitol tested on porcine buccal tissue (n= 3).

It can be observed from Figure 6.10, likewise to results with chitosan, an increase in
sorbitol concentration (1-10% wi/v) led to a decrease in the force of adhesion. The
optimum concentration of HPMC is again shown to be 0.5% w/v, with a further increase
to 2% wl/v resulting in a reduction of mucoadhesiveness. An increase in sodium
alginate concentration leads to an increase in mucoadhesion, which can be expected
as the higher concentration leads to more significant interaction of the ionized carboxyl

groups with the mucosal tissue.
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6.7 Results and Discussion: Comparison of the addition of PEG 400 as a

plasticiser in the chitosan and sodium alginate formulations

Factor Name Type Levels Level Values
A Sorbitol | Mumeric | 2 2.5 5
B PEG 400 Mumeric ﬂ 3 a 0.25 0.5

Figure 6.11: Image showing the level and level values of a general factorial design used for
the formation of mucoadhesive patches comparing sorbitol and PEG 400. Patches with HPMC

0.5% w/v and either LMW Chitosan or Sodium alginate 2% w/v

It was observed during studies increasing concentrations of sorbitol (2.5-5% wi/v),
which generally can also act as a plasticiser, leads to unfavourable outcomes in terms
of repeatability of aesthetically appealing patches. Thus, as a manner of improving
flexibility, PEG 400 was tested as a second plasticiser, which has enhanced the
flexibility of freeze-dried patches in the literature (Figure 6.11) [107]. The concentration
of chitosan was also increased to 2% to see if such an increase will also make a
positive influence on the formulation both in terms of mucoadhesion and aesthetics of

the patches.
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Main Effects Plot for Peak Force (Adhesiveness, N)
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Figure 6.12: Chitosan, HPMC, sorbitol and PEG 400 (a) Main effect plot for peak force

(adhesiveness, N) and (b) Interaction plot for peak force (adhesiveness, N) (n=3, Minitab).

Comparing the results both the main effect plot and the specific interaction plot for
chitosan in Figure 6.12, the addition of PEG 400 in the formulation at both
concentrations (0.25 and 0.5% w/v) resulted in a decrease in the force of
mucoadhesion. Thus, it was decided the chitosan formulation would be taken forward

without PEG 400, and the best combination for further studies was chosen to be
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chitosan 2% wi/v, with sorbitol 2.5% w/v and HPMC 0.5% w/v (patch C in Table 6.1 and

Figure 6.14).
Main Effects Plot for Peak Force (Adhesiveness, N) SA
Data Means
Sorbitoel (% w/v) PEG 400 (% w/v)
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Figure 6.13: Sodium alginate, HPMC, sorbitol and PEG 400 (a) Main effect plot for peak force

(adhesiveness, N) and (b) Interaction plot for peak force (adhesiveness, N) (n=3, Minitab).
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The results for the main effect plot in Figure 6.13, shows the addition of PEG 400 in
the formulation at concentrations of 0.25% w/v results in an increase in the
mucoadhesion whereas a further increase to 0.5% w/v results in a decrease in
mucoadhesion. In the main effect plot for sorbitol a decrease in mucoadhesion is seen
with an increase in sorbitol concentration from 2.5% to 5% w/v, however, examining
the interaction plot of the individual components it can be observed that the
mucoadhesion is highest when sorbitol concentration is at 5% concentration and PEG
400 at 0.25% wi/v. Thus, the best combination for further studies was chosen to be
sodium alginate 2% wl/v, sorbitol 5% w/v, PEG 400 0.25% w/v and HPMC 0.5% wi/v
(patch S in Table 6.1 and Figure 6.13).

Table 6.1: Ingredients in the finalised buccal patch formulations labelled S (main component

sodium alginate) and C (main component Low MW chitosan).

Formulation
Sodium Alginate 2 0
(% wiv)
Low MW Chitosan 0 2

0]
O

(% wiv)
HPMC (% w/v) 0.5 0.5
Sorbitol (% w/v) 5 25
PEG 400 (% w/v) 0.25 0
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Figure 6.14: Images of the final patches S and C.

Notes: Content of patches detailed in Table 6.1.

Table 6.2: Percentage of the different components in each transfersomal formulation (total 60

pmoles/mL).

Formulation Cholesterol (% Span 60 DPPE (%  Tween 80 DCP (% SGDC (%

mol) (% mol) mol) (% mol) mol) mol)
D5E 15 40 20 20
S5E 15 40 20 20 5

Abbreviations: 1,2-dipalmitoyl-3-sn-phosphatidylethanolamine (DPPE), dicetyl phosphate (DCP),
and sodium glycodeoxycholate (SGDC)

Overall, the study showed good improvement on the formulations with minimum
sorbitol content of 2.5% for (patch C) and 5% for (patch S) with both final formulations
being aesthetically appealing, flexible, easy to remove from the moulds, no fractured
surfaces, and no or very little bubbles formed above or below the patch surface. This
enables a good comparison for further studies, including release studies, as the final
transfersomes detailed in Table 6.2 are embedded in the patch formulations (S and C).
The shortcodes representing the content embedded in the patches are detailed in

Table 6.3.
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Table 6.3: Shortcodes for content embedded in buccal patches.

Code S or C patch
I + 0.36mg Insulin
TED + Transfersomes D5E Empty
TID + Transfersome D5E with Insulin (0.467 mg)
TES + Transfersomes S5E Empty
TIS + Transfersomes S5E with Insulin (0.353 mg)

Patches S and C are detailed in Table 6.1. Transfersomes D5E and S5E are detailed in Table 6.2
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6.7.1 Morphological studies

EHT =20.00 kV EHT =15.00 kV
WD = 8.5 mm l WD = 6.0 mm

EHT = 20.00 kV
WD = 7.5mm WD = 7.5mm

CTID R % [

CTED.

Figure 6.15: SEM images of chitosan containing buccal patches: empty (C); with insulin (ClI);
with the unloaded transfersome (CTED); and with the loaded transfersomes (CTID).

The SEM images of the C patches, shown in Figure 6.15, demonstrate the porous

nature of the patches as seen in another study working on lyophilised patches of
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chitosan [242]. However, compared to the SEM images, seen in the other study, the
surface of the C patches with combined HPMC and sorbitol, are much smoother in the
network of polymers. The incorporation of insulin in the patches (Cl), does not seem
to alter the morphology of the surface. Still, the incorporation of the unloaded (CTED)
and loaded (CTID) transfersomes appear to have made the surface of the patches

more granular in morphology.

6.7.2 X-ray diffraction analysis

Insulin Sorbitol
2507 1500
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18] e
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Figure 6.16: XRD spectra of raw ingredients: insulin, sorbitol, sodium alginate and low MW

chitosan.
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Figure 6.17: XRD spectra for sodium alginate containing buccal patches: fresh and stored in

a desiccator (2 months).
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Figure 6.18: XRD spectra of chitosan containing buccal patches: fresh, stored in a desiccator

(2 months) or stored in a freezer (-20°C, three months).
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XRD studies have often been used to study materials to determine their crystal
structure as well as size [201]. They are also used to determine if a material is
amorphous or crystalline in structure. Looking at the XRD spectra of the raw
ingredients, used to form the buccal patches, most except for sorbitol are
predominantly amorphous (Figure 6.16). The spectra for sodium alginate and chitosan
are comparable to the results obtained in several other studies, with two characteristic
crystalline peaks obtained at 10° (268) and 20° (26) (Figure 6.16) [243]-[245]. HPMC,
based on literature, is also amorphous with a broad peak present around 22.5° (20)
[246]. The amorphous nature of the raw powders was expected as insulin, and the
natural polymers (chitosan, sodium alginate and HPMC) all have high molecular
weights. Thus, it is difficult for these molecules to arrange themselves into repeating

and orderly patterns, which is the case with crystalline material [247].

As anticipated, the spectra obtained from the XRD data demonstrated that the freeze-
dried patches of both the S and C patches are highly amorphous, with some
crystallinity present within the formulation (Figure 6.17 & Figure 6.18). In both the S
and C patches, there are two strong, broad peaks around 10° (20) and 20° (20), the
similarity possibly being related to the spectra of sodium alginate and chitosan, but
also the common ingredients sorbitol and HPMC. In the S and C patches, the strong
crystalline peak that is present at 29°(20) is likely to be due to sorbitol, as it is present
in the presence and absence of insulin and the transfersomes. Also, comparison of the
patches, in the presence and absence of transfersomes and insulin, do not display any
major changes in the broadness of the peaks, or appearances of new peaks, in the

spectra, indicating an unlikely occurrence of chemical reactions or complexing

177|Page



between the polymers and the drug and the vesicles as seen in some studies when

complexing does occur [243].

Amorphous material, due to their unstable nature, can offer advantages such as higher
solubility and faster dissolution rates [247]. However, amorphous materials are
unstable, due to lack of lattice energy, and thus over time can transform to a crystalline
form [247]. A study investigating buccal films of several types of polymers (including
HPMC and sodium alginate), which were initially amorphous, found after six months
storage in a petri dish that the XRD data showed several crystalline peaks [248]. This
was attributed to the possible recrystallization of the originally crystalline drug
fluconazole due to absorption of moisture during storage. Hence, the XRD of the
patches in our study was repeated after storage to see if a similar situation may occur
in this study with possible recrystallisation of sorbitol or formation of new crystalline
structures. But the XRD patterns of the patches stored in a desiccator (2 months both
S & C patches) and in the freezer (-20°C, three months C patches) showed no
significant difference in the XRD patterns after storage in these conditions, possibly
due to these methods providing adequate protection from moisture (Figure 6.17 &
Figure 6.18). Thus, based on these results, both forms of storage provide conditions

sufficient to maintain the stability of the hygroscopic patches for at least 2 months.
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6.7.3 Differential
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Figure 6.19: DSC thermogram of (a) Insulin powder, Low MW chitosan powder, HPMC powder,
Sorbitol powder, Mix of all the powders (the compaosition of patch C), (b) Insulin powder, Low
MW chitosan, C, Cl, CTED, CTID, and (c) Insulin powder, Sodium alginate powder, S, Sl, STED,
STID.

It was identified by XRD analysis that sorbitol is a crystalline material, and this is
confirmed by the sharp endothermic peak at 99.2°C, which corresponds to its melting
temperature, similar to the results in the literature [Figure 6.19 (a)] [249]. The other
pure polymers are all amorphous, and this is confirmed by, the absence of sharp
peaks, and the presence of broad endothermic peaks, indicating loss of water followed
by a broad exothermic peak representing polymer degradation. The thermograms seen
for chitosan and sodium alginate are similar to those observed in the literature [243],
[250]. The deterioration of chitosan involves dehydration of saccharide ring,
depolymerization as well as decomposition of deacetylated and acetylated chitosan

units [250].
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The endothermic peaks for the pure powders: HPMC (69.6°C), insulin has two peaks
(79.6°C) and a second small endothermic peak at (211.8°C), chitosan (91.4°C), and
sorbitol (99.2°C) [ Figure 6.19 (a)]. The freeze-dried patches (C, containing sorbitol,
HPMC and chitosan) the peak becomes broader and shifts to 84.3°C, in combination
with insulin (Cl, 98.8°C), with unloaded transfersomes (CTED, 97.3°C), and with insulin
loaded transfersomes (CTID) it is 101.8°C [Figure 6.19 (b)]. Comparing the physical
powder mixture of the composition of patch C (part a) it can be observed that the sharp
endothermic peak representing sorbitol melting is still present in the powder mixture
around 98.0°C, However, in the freeze-dried patches, the endothermic peak although
around similar temperatures to the original excipients, is broad reflecting the
conversion of sorbitol to the amorphous form and coalescence with the other
amorphous components, as seen with drugs in previous literature [251]. As there is no
significant shift in the peaks, it is unlikely for any new chemical entities to be produced
after freeze-drying. This is also reflected with the exothermic peaks as insulin has a
peak at 257.0°C, HPMC 257.2°C, the physical mixture of patch C at 290°C, C freeze-
dried patches: 275.1°C (C), 266.9°C (Cl), 274.1°C (CTED) and 274.7°C (CTID). Thus,
the thermogram of the C patches indicates the drug and excipients are well mixed

within the patches.

Based on literature PEG 400 has an endothermic peak at 58.2°C [251]. Pure sodium
alginate has an endothermic peak around 100.0° C, in the freeze-dried patches (S,
containing PEG 400, sorbitol, HPMC and sodium alginate) the peak becomes less
broad and shifts to 68.9°C, in combination with insulin (SI, 69.6°C), with unloaded
transfersomes (STED, 62.1°C), and with insulin loaded transfersomes (STID) it is

71.6°C [Figure 6.19 (c)]. The downward shift in peak is likely due to the presence of
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PEG 400, which as a plasticiser, can lower the glass transition temperature (Tg) of
amorphous material by becoming integrated into the polymer network [252]. Thus, for
pure sodium alginate the exothermic peak is around 254.5°C whereas for the S
patches they are lower at 200.9°C (S), 201.2°C (Sl), 199.7°C (STED), and 199.1°C

(STID).
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6.7.4 Thickness and surface pH determination

a.

Figure 6.20: Examples of images of the final mucoadhesive patches with the impermeable
backing layer. (a) Close up image of the front mucoadhesive layer containing the
transfersomes, (b) Close up image of the back layer, and (c) Top row C patches and bottom

row S patches.

In general, due to the controlled volumes poured into moulds, the thickness of the
patches was relatively uniform throughout. The thickness of the final patches,
examples shown in Figure 6.20, were found to be 0.40 = 0.1 mm for the C patches and
0.45 + 0.1 mm for the S patches. In water, the surface pH of the patches was found to

be around 7.0 (S patches) and 5.0 (C patches). For the C patches, the lower pH is

183 |Page



likely as a result of the residual acetic acid, in which the polymer was initially dissolved.

In PBS pH 7.4, as expected both patches had a surface pH of around 7.0-7.5.

6.7.5 Insulin release from buccal patches
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Figure 6.21: Comparison of cumulative % insulin release from Sl, STID and STIS and
transfersomes D5E and S5E (not embedded in patches).

Results represent mean + SD (n=3). Two-way ANOVA analysis showed a significant difference (p <
0.0001) in the release of insulin between all systems. Tukey’s multiple comparisons test showed
significant difference (p < 0.0001) between the control Sl and all the other formulations. The release
from the transfersomal embedded formulation STID was also significantly higher (p < 0.0001)
compared to STIS, D5E and S5E. The difference in the release from STIS and S5E were statistically
insignificant (p > 0.05).
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Figure 6.22: Comparison of cumulative % insulin release from CI, CTID and CTIS and
transfersomes D5E and S5E (not embedded in patches).

Results represent mean + SD (n=3). Two-way ANOVA analysis showed a significant difference (p <
0.0001) in the release of insulin between all systems. Tukey’s multiple comparisons tests showed a
significant difference (p < 0.0001) between the control Cl and all the other formulations at 2, 4 and 6
hours. The difference in release from CTID and CTIS were statistically insignificant (p > 0.05). The
difference in release from CTID was significantly higher (p < 0.05) compared to D5E across all time
points. The difference in release from CTIS and S5E were statistically insignificant (p > 0.05).

A study looking at the release of fluconazole (dissolved in 10% w/w PEG) from buccal
films found the drug release to be rapid and completed within 1 hour of initiation from
the sodium alginate (1% wi/w) film, 95% drug released within 2 hours for the chitosan
(2% w/w) film and 90% of the drug content released by around 4 hours with the HPMC
(3% w/w) film [248]. In this study, carried out at pH 6.8, it was also observed when
either sodium alginate or chitosan was combined with other polymers, such as sodium
carboxymethylcellulose or Carbopol, the release was more gradual compared to the
individual polymers [248]. Another study found increased concentrations of HPMC led

to prolongation of drug release [251].
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As it can be seen from Figure 6.21 and Figure 6.22 the release of insulin from the
control patch formulations S [sodium alginate (2%), HPMC (0.5%), Sorbitol (5%) and
PEG 400 (0.25%)] and C [low MW chitosan (2%), HPMC (0.5%) and sorbitol (2.5%)]
without transfersomes, showed significantly higher (p < 0.0001) cumulative percentage
insulin release compared to the transfersome containing patches and the free
transfersomes (S5E & DS5E, not embedded in patches). Since both, the S and C
patches are highly amorphous, observed in XRD studies, it was anticipated that
dissolution process and drug release would be a quick process. The drug release from
the formulation SlI, was the highest among all the formulations, with 75% of the total
insulin released in the first 30 minutes then slower release to completion. This was
expected, both due to the previous release studies of sodium alginate films in literature,
but also in our research when attempting to study the swelling characteristics of the
patches, the S patches disintegrated soon after wetting. Additionally, the S patches
contain PEG 400 and a higher percentage ratio of sorbitol, both of which are hydrophilic
compounds (additives that can act as plasticisers), which enables water to penetrate
faster within the patch to allow drug release. Furthermore, it was observed during patch
production that patches containing higher percentage ratios of sorbitol were more
porous in nature, and this also aids the dissolution process. Other than the absence of
PEG 400 and a lower concentration of sorbitol, the slower release from the C patches
may also be due to the solubility of chitosan, which is a pH-dependent polymer.
Chitosan is soluble in water up to pH 6.2, above this pH, it forms a hydrated gel-like
precipitate, which could hinder drug release, and the release study was carried out at
pH 7.4 [122]. A study looking at chitosan freeze-dried buccal patches (labelled sponges

in the study) with impermeable ethyl cellulose backing layer also found similar insulin
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release results for the chitosan patches, which were initially formed in pH 2 media but

release carried out at pH 7.4 [242].

The highest percentage drug release (66.5%) from a transfersomal containing
formulation, in 6 hours, was from D5E embedded in patch S (labelled STID in Figure
6.21). One explanation for this is that the S patch formulation is overall faster at drug
release and dissolution compared to the C patches, which can be observed with the
release of insulin from the insulin only containing control patches Sl and CI
respectively. Another possible additive reason is that sodium alginate is an anionic
polymer and based on the zeta potentials both transfersomes D5E (-30 mV) and S5E
(-18 mV) are also negatively charged, thus as a result of electrical repulsion between
the transfersomes and the polymer the drug is exposed and released faster in the
media. Moreover, insulin has an isoelectric point of 5.3, thus above this pH (pH 7.4)
the protein is negatively charged, and this also supports the same electrostatic
repulsion theory in difference in release [242]. This can also explain why S5E, with the
less negative surface charge, is released more slowly compared to D5E. Moreover,
this can further explain why there is much slower, and lower drug release from the
transfersomes in the C patches as chitosan is a cationic polymer. Thus, the electrical
attraction will retain the transfersomes and insulin within the patch and hinder insulin

release.
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6.7.5.1 Mathematical modelling of insulin release from patches

Table 6.4: Mathematical modelling of insulin release from patches S and C containing

insulin (control) or insulin-containing transfersomes initiated from 0.5 hours.

Zero-order First-order Higuchi Korsmeyer-Peppas

R? R? R? R? n

0.883 0.801 NA NA NA

STID 0.978 0.960 NA 1.00 0.22

0.955 0.948 NA 0.998 0.24
0.969 0.991 0.995 0.995 0.49
0.988 0.993 0.993 0.993 0.37
0.967 0.974 0.984 0.991 0.33

Results represents mean (n=3)

Mathematical modelling was carried out to analyse the in vitro release data from all the
six patch formulations, shown in Error! Reference source not found.. The S patches (
SI, STID and STIS) cannot be modelled with the Higuchi model since the patches do
not comply with one of the assumptions of the model, which is negligible polymer
swelling and dissolution hence has been labelled as not applicable (NA). The Sl patch
also cannot be modelled with the Korsmeyer-Peppas model as the amount of drug
release in 0.5 hours exceeds 60% of drug release [131]. R? is the correlation coefficient
and indicates the level of fitting of insulin release to the various kinetic models, i.e.
zero, first, Higuchi and sometimes Korsmeyer-Peppas. Drug release, as summarised
by Mesnukul et al. (2009), is described as being; zero-order when the rate of drug
release is independent of drug concentration and first-order when the rate is
concentration-dependent [251]. For most of the patches, the Korsmeyer-Peppas
model was the best fitting model with the highest correlation for all the patches except
for SI, which could not be modelled and for CI the R? was equivalent for both Higuchi

model and Korsmeyer-Peppas. All the patches containing the transfersomes displayed
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n values below 0.45, which does not correspond to any defined categories for drug
release mechanisms according to this model. Thus, the results are atypical and will
need further investigations to determine the exact mechanism of release, which is
understandable as these are relatively complicated systems consisting of the protein
crossing the vesicle bilayer prior to diffusion out of the polymeric system. The CI patch
has n value of 0.49, which falls into the category of anomalous (non-Fickian) transport,
and this indicates insulin release from the patch formulation is a combination of
diffusion and polymer relaxation [251]. However, for all the patch formulations, except
the Sl patch, the correlation coefficient for the first-order model is higher than the zero-

order model, which indicates drug release is concentration-dependent.

6.8 Conclusion

This study has led to the production of a unique unidirectional mucoadhesive delivery
system with novel transfersomes embedded within the patch as permeation
enhancers. The most promising formulation, which achieved the highest percentage
drug release (66.5%), in 6 hours, was from the transfersomal formulation D5E
embedded in the sodium alginate containing patch S (STID). The study also
demonstrated a direct link between increasing concentrations of sorbitol and reduction
of mucoadhesiveness of lyophilised polymeric patches. It was also observed that the
presence of HPMC only at an optimum concentration increases mucoadhesiveness

and beyond this leads to a reduction in mucoadhesive forces in patches.
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7. General conclusion and future works

In the 215t century, an array of insulin formulations and devices are in clinical practice.
However, non-invasive insulin delivery systems remain a challenge. Pfizer’s inhaled
insulin product Exubera was approved by FDA in 2006 but was not successful, and
this led to a few companies halting their developments of similar products [1], [23].
Although the product failed, it provided a good learning opportunity for other
pharmaceutical companies and academic researchers, in terms considering product
design and marketing in addition to the formulation. Thus, learning from Exubera,
recently in 2014, Afrezza®, a newer and much smaller, non-invasive inhaled human
insulin device, was approved by the FDA [22]. But the product still faces many
obstacles to achieve success and worldwide acceptance. In the UK and the rest of
Europe, it is still in phase 3 clinical trials [25], [26]. Another product of interest was the
buccal insulin formulation, Generex Oral-lyn™ spray. Although it has been approved
for clinical use in Ecuador and Lebanon, in the US and Europe, the product remains in
phase 3 clinical trials [15], [30], [31]. It is formulated using GRAS excipients and insulin-

containing micelles, are used as absorption enhancers [15], [32].

As summarised in the first chapter, the oral route for most individuals would be the
preferred route for drug delivery. However, insulin is a protein with an MW of 5808 Da,
and without any assistance, the permeability and bioavailability are very low [53]. Thus,
oral insulin formulations would require absorption enhancers; however, the possible
toxicity of such products can be a concern in the long-term. Although buccal
formulations will also need some form of permeation enhancement, the cells in the
buccal cavity have the advantage of the much shorter recovery time compared to the

GIT [59], [60]. Thus, it will likely pose a lower risk. As the paracellular pathway is
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suggested to be the main route utilised by proteins, the major hurdle to buccal mucosal
permeation, is the intercellular lipids. However, factors such as enzymatic activity and
saliva production, in the oral cavity, must also be taken into consideration in the
formulation design. On completion of the initial research, the inspiration emerged to
produce insulin-containing vesicles that will be embedded in a double-layered
mucoadhesive buccal patch formulation. This motivation partially stemmed from the
following two products; the MidaForm Insulin PharmFilm® in developed by MonoSol
Rx and Midatech and HDV insulin produced by Diasome Pharmaceuticals [36], [43],

[61].

Various vesicular systems have been studied to increase the permeability of proteins,
such as insulin, via the buccal route. Transfersomes, are quite novel drug delivery
systems, in which the bilayer consists of a combination of phospholipids and edge
activators. The advantage of these vesicles in comparison to ordinary liposomes and
niosomes is that they are ultra-deformable. Thus, it can squeeze through pores, under
non-occlusive conditions, up to one-tenth smaller than their size. As a result, particles
of 200-300 nm can enter the intact skin [98]-[101]. A considerable number of studies
are associated with the use of transfersomes in enhancing drug delivery across the
skin. Still, only a small number of studies can be found that have explored the
mechanism of such vesicles for improving drug delivery in the buccal cavity.
Theoretically, the structure of the skin is in close resemblance to the buccal membrane,
but with improved permeability, thus greater enhancement of insulin delivery may be
possible [102]. The capability of transfersomes to enhance drug delivery is indicated
to be due to the synergistic effect of the vesicles being permeation enhancers and

ultradeformable carriers [78].
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Formulating a patch for delivery of proteins via the buccal cavity requires numerous
considerations, although the most critical factors are the projected time of action and
the bioavailability. However, other factors also need to be taken into account, including
physical appearance and drug stability [107]. For a buccal formulation, ideally, the
duration for the formulation to remain in the mouth should be as short as possible, but
the maximum would be around 4-6 hours [77]. This is because maintaining the patch
for longer than 6 hours would likely cause discomfort for the patient and may give rise
to problems such as reduced patient compliance. The central purpose of using a patch

is to both deliver and increase contact time for the drug at the site of absorption.

The second chapter of the thesis was designated to the development and validation of
an analytical method for the detection and quantification of insulin. It was important for
the method to be robust and stability-indicating to detect insulin degradation during
product development. Also, the specificity of the method to insulin was critical, as many
other excipients and impurities were to be involved in the overall formulation, including
surfactants, phospholipids, cholesterol, and polymers (e.g. chitosan, HPMC and
sodium alginate). Thus, the chromatographic method RP-HPLC, combined with UV
detection, was chosen for this purpose. The method was validated according to ICH
guidelines, which consist of specificity, accuracy, precision, repeatability, intermediate
precision, detection limit, quantification limit, linearity, and range [147], [148]. In the
final method, adapted from previous literature, 2-nitrophenol was used as an internal
standard [143]. Samples were run for 10 minutes, and the peak for insulin was
observed between 3.5-4.5 minutes while 2-nitrophenol was observed between 7.5-8.5
minutes. To aid peak separation, TFA was used in the mobile phases as an ion-pairing

agent. As expected, based on previous literature, insulin was observed to degrade
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much more rapidly in acidic conditions compared to neutral or alkaline environments
[152], [153] as a protein insulin is known to face stability issues, particularly in liquids.
Although the final formulation is in a solid patch formulation, the freeze-dried patches
are hygroscopic and are likely to be affected by humidity and temperature. Due to time
constraint, it was not monitored but to optimise storage conditions and shelf-life, it
would be essential to analyse insulin content using HPLC, over several months, after

incorporation in the buccal patch.

Chapter 3 was dedicated to preliminary studies by forming niosomes and looking at
optimisation of the necessary components of vesicles as well as the method of vesicle
production (thin film hydration technique). The initial focus was on the choice of
surfactant (Span 20, 40, 60, 80), the effect of cholesterol and the presence of charged
molecule on particle size, zeta-potential, and EE (%). Safety of the formulation was
taken into consideration throughout the project. Hence the Spans, and most of the
other components of the preparation, were selected based on the fact that they are
already used in the food and pharmaceutical industry and are on the FDA GRAS
ingredients list [104]. Typically EE (%) is affected by both the HLB of surfactants as
well as the hydrophobicity or hydrophilicity of the drug to be entrapped [79], [174]. Itis
suggested that using surfactants with high HLB values achieves greater entrapment
with hydrophilic drugs [79]. Nevertheless, there are conflicting results in this regard, as
a study found the EE (%) to be the highest with Span based vesicles even though they
have low HLB values [175]. Furthermore, the physical state of the surfactant could
affect the EE (%). For example in some studies, the gel-type surfactants, Span 40 and
Span 60 accomplished niosomes with better EE (%) compared to liquid state

surfactants (Span 20 and Span 80) [79], [162]. Particle size is also a critical factor
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regarding both the physical properties of vesicles and that of the encapsulated drug as
well as their biological fate [187], [188]. For example, a study looking at oral
administration of griseofulvin loaded liposomes found liposomes of the smaller size of
less than 400 nm were able to achieve greater bioavailability compared to vesicles
above 800 nm [189]. After these early studies it was confirmed that a cholesterol
content of 30% molar ratio was the best to take forward, based on particle size results,
and Span 60 containing 10% DCP, was able to achieve one of the highest in terms of
EE (51 + 1%). Consequently, the Span 60 niosomal formulation comprising of 60:30:10
ratio of surfactant: cholesterol: DCP respectively were carried forward for further
studies. During the initial studies, it was observed particle size reproducibility, i.e. PDI

was high, and thus required further improvement.

The ingredients of transfersomes can be designed and developed specifically for
particular drugs, taking into consideration the complete formulation and route of
delivery [78]. The main aim in chapter 4 was to develop transfersomal formulations
with excellent characteristics such as particle size, PDI and EE (%), but also have
favourable outcomes in release studies. Concurrently, the formulations were also
tested for toxicity and permeability studies using TR146 buccal cells (see Chapter 5).
After experimentation with the incorporation of different ratios of phospholipid (DPPE),
the results demonstrated the highest percentage encapsulation (> 42.5) was obtained
when phospholipid concentration was between 60-72 pmoles, and Span 60
concentration was between 108-120 pmoles. The data on EE (45 = 6%) and particle
size (~900 nm) indicated the formulation P60S120 containing DCP (30 umoles), DPPE
(60 umoles), cholesterol (90 pmoles), and Span 60 (120 umoles) to be the best

combination to be considered for further studies. This formulation was tested for
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release studies and permeation across TR146 buccal cells, and the results showed
the release and permeation to be undetectable after 6 hours of study. This could have
been due to the large particles size but also the possibility that both
phosphatidylethanolamine and cholesterol can increase the rigidity of the bilayer, and
this rigidity could be to the degree that the insulin molecule is not able to penetrate

across the vesicle bilayer [83], [182].

Thus, manual extrusion was included as a downsizing method to reduce particle size
further and form more homogenous vesicles. The effect of reducing cholesterol content
was also investigated. Additionally, Span 60 (C1s) is one of the least leaky surfactants,
as a result of the high phase transition temperature, which can benefit EE (%) but can
impede drug release [83], [104]. Hence the inclusion of more hydrophilic surfactant,
such as Tween 80 (HLB 15), could aid drug release as it has been found in studies to
enhance release or permeability of the encapsulated drugs [195], [196]. Furthermore,
Tween 80 compared to bile salts and the more lipophilic Spans, has also been found
to have the highest level of deformability [175]. This was attributed to the presence of
the hydrophilic surfactant forming transient holes within the bilayer and thus enhancing
membrane fluidity [175]. Moreover, the concentration of insulin was increased from
0.73 mg/mL to 1.5 mg/mL in the hydration stage, and the effect on EE (%) and LC (%)
analysed. As expected, a decrease in cholesterol content, comparing compositions
with 90 pmoles (C90TO0 and C90T45) and those with 45 pmoles (C45T0 and C45T45)
resulted in a significant reduction in the particle size. The formulation with Tween 80
and the lowest concentration of cholesterol (C45T45), resulted in producing the
smallest vesicle size of 206.7 nm * 2.69 nm, which was used for further studies. After

extrusion, the PDI also became less than 0.5 across all the formulations, indicating an
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increase in homogeneity compared to earlier studies. Usually, for electrostatic
stabilisation of vesicles, the zeta potential is ideally above +30 mV or below -30 mV
[194]. Although all the formulations were indicated to be stable based on the results
for the zeta potential it was noticeable that a significant reduction in zeta potential
occurred in formulations containing Tween 80 (C90T45 and C45T45). Increasing
concentration of insulin from 0.73 mg/mL to 1.5 mg/mL led to a significant decrease in
EE (%) but significant increase in LC (%). This is understandable as simply a certain
volume or space is available within the aqueous compartment of the vesicles, thus only
a certain amount of insulin can be accommodated within the volume. These results,
together with the results from the toxicity studies, indicated the formulation C45T45,
consisting of Span 60 (40%), DPPE (20%), cholesterol (15%), Tween 80 (15%) and

DCP (10%) should be taken forward for further studies.

The formulation C45T45 was then further manipulated to consist of either lecithin or
DPPE with DCP or SGDC or both. In studies, the bile salt SGDC has been shown to
have the ability to increase the permeability of insulin and other hydrophilic
macromolecules across TR146 buccal cells and porcine mucosa, respectively [60],
[64]. Thus, it was chosen as a possible supplementary permeation enhancer, to be
incorporated within the transfersomal formulation. After extrusion, the newer
formulations (Table 4.3) all except (D10E) formed particles < 400 nm, however, the
lecithin containing formulations were found to be overall much smaller in size
compared to the formulations with DPPE. The zeta potential was optimal (-30 mV or
below surface charge) for most formulations, except for S5E, S10E, D5S5E and S5L.
In terms of EE (%) and LC (%), all compositions achieved between 26-47% and 1-

1.9%, respectively. Nevertheless, the promising formulations in terms of EE (%), were

196 |Page



D5S5L (46.8%), D10E (39.2%) and D5E (39.0%). However, after carrying out viability
assays, the safest formulations were discovered to be D5E and S5E. Although D5E
was the more favourable formulation, due to the higher EE and optimal zeta potential,
S5E (29.4% EE) was also selected as the presence of the bile salt (SGDC) would offer
good comparison for permeability studies. Thus, these two formulations were then
taken forward for morphological, permeation, toxicity, and release studies as well as
for incorporation in the final buccal patches. Morphological analysis, using SEM,
revealed the transfersomes to be relatively consistent in size and spherical in shape.
The release studies carried out at pH 7.4 showed insulin release, after 6 hours, to be
25.2 £ 3.8% (D5E) and 29.2 + 0.3% (S5E) and after 24 hours 30.9 + 4.8 (D5E) and
39.9 + 2.1% (S5E). Based on these results S5E transfersomes overall achieved
significantly higher percentage drug release compared to D5E; possibly due to the
higher leakage offered by the hydrophilic bile salts, through the formation of transient
pores within the bilayer, compared to DCP containing vesicles [175]. The difference in
release, between 6 hours and 24 hours, resembled prolonged drug release. This
phenomenon has been observed in other studies investigating liposomal drug release,
and particularly Span 60-based vesicles carrying drugs such as doxorubicin and
ketoprofen [205], [206]. This form of release can be of therapeutic benefit if an

extended release is desired.

Chapter 5 was dedicated to cell culture studies and mainly focused on the toxicity of
the formulations and permeability of insulin across the cells from the formulation. For
in vitro tests, TR146 buccal cells were selected, as they can form stratified squamous
epithelium similar to normal human buccal epithelium [209], [210]. Growth and viability

studies were imaged using the novel CytoSMART Omni system. The SRB toxicity
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studies demonstrated that the presence of Tween 80 in transfersomal formulations has
some protective effect on the cell viability, which may not be surprising as Tween 80 is
sometimes used as a stabilising agent for proteins in in vivo studies [215]. The initial
testing of the Tween containing formulations showed, similar to other studies on
surfactants, concentration-dependent cell toxicity, particularly for C45T45, which at 5
mg/mL and 10 mg/mL was insignificantly different to the viability of the control (cells
only). Still, at the higher concentrations, the viability is significantly lower than the
control [217]. Thus, the in vitro cell viability of the ten-insulin loaded transfersomes was
tested at two different concentrations (5 and 10 mg/mL) on TR146 buccal cells.
Actinomycin D, which is a potent inducer of cell apoptosis, was used as a positive
control, and the results demonstrated concentration-dependent cytotoxicity [219],
[220]. Only two formulations, D5E and S5E, were found to have % viability not
significantly different from the control (cells only) and were taken forward for
permeation studies. In the permeation studies atenolol (Mw 266 Da) was used as a
control as it is a small hydrophilic drug and has been previously tested for permeability
across the TR146 cells. FITC-Dextran (Mw 20,000 Da) was used as a second control
as it is a large hydrophilic molecule, compared to insulin (Mw 5808 Da) [98]. In a study
looking at the permeation of FITC-Dextran molecules (4,000 to 40,000 Da), a linear
decrease in Kp was exhibited with increasing Mw [212]. As anticipated, FITC-Dextran
attained significantly lower K, than both insulin and atenolol. But unexpectedly insulin
and atenolol both achieved high K, with no significant difference between the two,
possibly due to the low initial TEER of ~ 55 of the TR146 cells, enabling the greater
crossing of bigger molecules. The two final transfersomes (D5E and S5E), neither
managed to enhance the permeability of insulin compared to the control within the 6
hours of the study. This could be because when applied on the skin the penetration
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occurs as a result of the difference in osmotic gradient between the surface of the skin
and the intercellular lipids but with the TR146 cell model the cells have to be maintained
hydrated with HBSS throughout the study. Thus, the hydration gradient is absent, and
this would be similar to applying drug-containing transfersomes under occlusion, which
has been suggested to disable these ultradeformable carriers by eliminating the main
driving force in crossing membranes [177]. Moreover, the hydration of cells can loosen
the interstices, which could result in accumulation of insulin and the vesicles within the
cell layers and thus prolonging the permeation of the drug [228]. Although the results
for permeability are not as hoped, they may not represent the in vivo conditions and
either of the formulations (D5E or S5E) could still be capable of enhancing insulin

permeation.

Chapter 6 encompasses the formation and development of the mucoadhesive patches,
in which the final transfersomal formulations (D5E and S5E) was then incorporated
and tested for release studies. Freeze-drying was chosen as the method to form the
patches as both insulin and lipid vesicles can have stability issues, such as the
formation of aggregates and sometimes drug leakage [229]. Although a cryoprotectant
is usually required to minimise such drawbacks in the formulation. Sorbitol has been
found to offer some level of protection for preventing structural changes to insulin
during freeze-drying and also improving formulation stability in storage conditions [39].
Minitab DOE was used to evaluate and study the influence of several polymers (HPMC,
sodium alginate and Low MW chitosan), the cryoprotectant sorbitol, and the plasticiser
PEG 400 on mucoadhesion. Mucoadhesion was tested using a texture analyser and,
similar to other studies, porcine buccal tissue was used to represent the human buccal

mucosa [238], [239]. Analysis of the results for mucoadhesion showed both for sodium
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alginate, and chitosan containing patches, increasing concentrations of sorbitol
decreased mucoadhesion. The optimum concentration of HPMC, in both chitosan and
sodium alginate containing patches, was found to be 0.5% wi/v, with the further
increase resulting in a reduction of mucoadhesiveness. Similar to increasing
concentrations of chitosan, an increase in the concentration of sodium alginate led to
an increase in mucoadhesion, which can be expected as the greater concentration

leads to greater interaction of the ionized carboxyl groups with the mucosal tissue.

It was observed during studies that higher concentrations of sorbitol (2.5-5% wi/v),
which normally can act as a plasticiser, leads to unfavourable outcomes in terms of
producing consistently aesthetically appealing patches. Thus, as a manner of
improving flexibility, PEG 400 was tested as a second plasticiser, which in literature
has been shown to improve the flexibility of freeze-dried patches [107]. The addition of
PEG 400, in the chitosan containing patches, at both concentrations (0.25 and 0.5%
w/v) resulted in a decrease in the force of mucoadhesion. Hence, it was decided the
chitosan formulation would be taken forward without PEG 400 and consisted of
chitosan 2% wi/v, with sorbitol 2.5% w/v and HPMC 0.5% w/v (i.e. patch C). In sodium
alginate containing patches, the addition of PEG 400 in the formulation at
concentrations of 0.25% w/v resulted in an increase in the mucoadhesion but a further
increase to 0.5% w/v resulted in a decrease in mucoadhesion. Mucoadhesion was
found to be highest when sorbitol concentration was 5%, and PEG 400 was 0.25%
w/v. Thus, the sodium alginate (2% wi/v) patch chosen for further studies was the
combination with sorbitol 5% w/v, PEG 400 0.25% w/v and HPMC 0.5% wl/v (i.e. patch
S). Additionally, both final formulations were found to be aesthetically appealing,

flexible, easy to remove from the moulds, no fractured surfaces, and no or very little
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bubbles formed above or below the surfaces of the patches. Morphological studies,
with SEM, demonstrated the porous nature of the patches and incorporation of the

transfersomes could be observed within the polymer network.

As anticipated, the XRD data demonstrated the freeze-dried patches to be highly
amorphous, with some crystallinity, most likely attributable to sorbitol, present within
the formulations. Amorphous material, due to their unstable nature, can offer
advantages such as higher solubility and faster dissolution rates but can also have
disadvantages including hygroscopicity, and due to lack of lattice energy, they can over
time transform to a crystalline form [247]. But the XRD patterns of the patches stored
in a desiccator (2 months both S & C patches) and in the freezer (-20°C, three months
C patches) showed no significant difference in the XRD patterns after storage in these
conditions. Analysing the DSC data of the physical powder mixture, of the composition
of patch C, it was observed that the sharp endothermic peak representing sorbitol
melting was still present around 98.0°C. However, in the freeze-dried patches, the
endothermic peak although around similar temperatures to the original excipients was
found to be very broad reflecting the conversion of sorbitol to the amorphous form and
coalescence with the other amorphous components, as seen with drugs in previous
literature [251]. As no significant shift in the peaks was observed it was assumed
unlikely for any new chemical entities to be produced after freeze-drying. The thickness
of the final patches was found to be 0.40 = 0.1 mm for the C patches and 0.45 + 0.1
mm for the S patches. Also, in water, the surface pH of the patches was observed to

be around 7.0 (S patches) and 5.0 (C patches).

The release of insulin from the control patch formulations S and C containing free
insulin without transfersomes, showed significantly higher cumulative percentage
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insulin release over 6 hours, in comparison to the transfersome containing patches and
the free transfersomes (S5E & D5E, not embedded in patches). Since both, the S and
C patches are highly amorphous; it was anticipated that the dissolution process and
drug release would be quick. The drug release from the formulation Sl was found to
be the highest among all the formulations, with 75% of the total insulin released in the
first 30 minutes then slower release to completion. The S patches contain PEG 400
and a greater percentage ratio of sorbitol, both of which are hydrophilic compounds
and enable water to penetrate faster within the patch, leading to faster drug release.
Also, the release study was carried out at pH 7.4, and the slower release from the C
patches can also be due to the solubility of chitosan, which is soluble in water up to pH
6.2, above this pH, it forms a hydrated gel-like precipitate, which could hinder drug
release [122]. The maximum percentage drug release (66.5%) in 6 hours from a
transfersomal formulation was D5E embedded in the sodium alginate containing patch
S (labelled STID). This can be explained by the fact that sodium alginate is an anionic
polymer and based on the negative zeta potential of both transfersomes D5E (-30 mV)
and S5E (-18 mV), as a result of electrical repulsion between the transfersomes and
the polymer the drug is exposed and released faster in the media. Also, the isoelectric
point of insulin is 5.3, and in environments above this pH (pH 7.4), the protein is
negatively charged, which further supports the same electrostatic repulsion theory in
release [242]. Additionally, this explains why S5E, with the less negative surface
charge, is released more slowly compared to DSE. Moreover, this can explain why
there is much slower, and lower drug release from the transfersomes in the C patches
as chitosan is a cationic polymer thus the electrical attraction can retain the

transfersomes and insulin within the patch and impede insulin release.
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For future studies, it would be particularly helpful to study insulin permeation from the
patches using an animal model such as a rabbit. As this would enable the patches to
be tested in the presence of saliva, and consequently determine how long they can
remain intact or get washed off [253]. Thus, it will be essential to investigate the
influence of different sorbitol concentrations (1-5%) on the stability of insulin in the
formulation and on mucoadhesion in vivo conditions. Also, due to the likely presence
of the hydration gradient, it will provide a better environment for studying permeation
compared to TR146 buccal cells. Further investigations are also required to examine
the exact permeation pathway of both insulin and the transfersomes. Additionally,
during insulin release studies the amount of release did not reach 100%, and since the
insulin EE was indirectly calculated, throughout the studies, it would be useful if a
second method is developed to directly disrupt the vesicles and analyse the insulin
content. This would be a way to ensure the exact amount of insulin present in the
vesicles and if there is a difference to the indirect calculations it can affect the release

and permeation studies, thus would be useful information for further studies.

This thesis has led to the development of original unidirectional immobilized delivery
systems consisting of a mucoadhesive layer, with transfersomes (D5E or S5E)
embedded, and an outer impermeable layer for the buccal delivery of insulin. The
results so far appear promising and with further studies could lead to a possibly
successful non-invasive insulin delivery system. Achievement of such a formulation
that can replace subcutaneous injections would not only be a great accomplishment
scientifically, in terms of delivering a protein safely for chronic use non-invasively but
also a significant contribution to easing the lives of millions of patients and reducing

healthcare costs worldwide.
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