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Abstract

Coating medical devices with active pharmaceutical ingredients (APIs) such as
everolimus is commonly used for therapeutic purposes such as reducing inflammatory
responses and preventing restenosis in cardiovascular stents. Traditional coating methods
like dipping and spraying require lengthy drying and curing steps, which may expose the
API to heat and poses a risk of degradation. Cold atmospheric plasma (CAP) systems,
which operate at low temperatures, offer a promising alternative by reducing thermal
damage during deposition. The BioDep™ unit, a custom-built CAP system developed by
TheraDep Ltd has been used for depositing various biologics and therapeutics on different

substrates.

In this study, the Biodep™ system was used to deposit everolimus onto titanium discs.
The deposition of everolimus through the Biodep™ unit, with and without plasma and
also the addition of butylated hydroxytoluene (BHT) was investigated. Everolimus is an
anti-proliferative drug commonly used in drug-eluting stents. The coatings were
characterised using a variety of analytical techniques, including water contact angle
(WCA) analysis, Fourier-transform infrared (FTIR) spectroscopy, Raman spectroscopy,
deep ultraviolet (DUV) mapping, and atomic force microscopy (AFM). A reverse-phase
high performance liquid chromatography- ultra violet (HPLC/UV) method was

developed to quantify the drug deposition and analyse the stability after deposition.

Imaging of the coated samples revealed the presence of everolimus rings attributed to the
drying of the drug on the surface but no significant morphological changes. WCA analysis
indicated a change in surface tension, indicating deposition of everolimus. Raman and
FTIR spectroscopy confirmed the presence of everolimus, with lower peak intensities

suggesting a low concentration was deposited. The addition of BHT during wet

xiii



deposition introduced a new FTIR peak, which was absent from the plasma deposited
samples, potentially due to BHT oxidation. DUV mapping demonstrated non-uniform
coverage of everolimus, while AFM revealed no significant differences in surface
roughness between plasma and wet deposition methods. The HPLC/UV method showed
no degradation of everolimus after deposition, however drug recovery was variable

ranging from 36.9- 67.1 ug/ disc.

This study successfully demonstrated the use of CAP to deposit everolimus onto titanium
discs, with no degradation of everolimus observed. Although the deposition was effective,
further optimisation of the coating and elution processes is necessary to achieve more
consistent drug loading and recovery. The findings suggest that the use of the CAP system

for deposition holds promise for application in drug-eluting stent coatings.

Xiv



Research dissemination.

A short oral presentation titled “Investigation of the properties and performance of drug
coatings applied using a novel plasma deposition process, known as Cold Atmospheric
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Chapter 1 Literature Review

1 Literature Review

The following literature review introduces the plasma state of matter, with a focus on
cold atmospheric plasma (CAP) and the BioDep™ CAP deposition system employed
in this study. A background into the application of anti-proliferative drugs in drug
eluting stents is provided. The pharmacological and chemical properties of everolimus,

the anti-proliferative drug investigated in this study, are presented.
1.1 Introduction

Plasma is commonly understood as the liquid component of blood. However, it also
refers to the 4™ state of matter (Figure 1). In 1929, Irvin Langmuir applied the word
‘plasma’ for the first time to describe “a glowing ionised gas produced by electric
discharge in a tube” (1). Depending on the “random kinetic energy” of the atoms or

molecules in an object, it is determined to be found in one of the phases outlined in

Figure 1.
increasing energy—
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Figure 1: Three fundamental phases of matter, solid, liquid, and gas (vapour), along with the
fourth state of matter, plasma (2).

Molecules become more energetic as temperature increases and transform matter in a
sequence from solid to plasma (3). The equilibrium between the thermal energy of the

particles and the “interparticle binding forces” determines the state of the object (1).
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Atoms and molecules gain more thermal kinetic energy as they are heated, which
enables them to overcome the “binding potential energy”, which can result in phase
transitions. These phase transitions occur at a constant temperature for a specific
pressure (1). Plasma or ‘ionised gas’ is a result of these phase transitions when a
molecular gas dissociates into an atomic gas at elevated temperatures (1). When plasma
is generated in a strong electric field, the ionised gas produced contains reactive species
such as ions, and, electrons (4,5). To make plasma, energy is required to remove
electrons from atoms, which can come from a variety of sources such as heat, light
(ultraviolet or visible light from a laser source), electrical, radio frequency, high voltage,

microwave frequencies, and atmospheric pressure (6).

Traditionally, plasma has been thought to be a harmful process due to the heat produced
as a result of the high energy electrons colliding (1). However, the development of cold
plasma at atmospheric pressure has paved the way for new applications, which are

discussed in section 1.4 (Plasma applications).

The classification of plasma can depend on the pressure and temperature of the plasma
(7). The pressure relates to the pressure of the gas being ionised, atmospheric or vacuum.
Vacuum pressure is less than the surrounding atmospheric pressure, by definition, it is
a negative pressure (8). Paschen’s Law is very important for vacuum plasma, as the
lower the pressure is, the less voltage is needed for plasma production (9). The
temperature relates to the final temperature of the gas, which can be thermal or non-

thermal (cold).

Table 1 and
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Table 2 provide a summary of the various plasma-based and traditional coating methods

reported in the literature, highlighting their key features and applications.

Table 1: Plasma coating methods discussed through literature, and their main features

and uses.
Plasma- based Description Features Applications
coating
Plasma enhanced CVD Plasma activated Non thermal Used to coat temperature
(PECVD)(10) precursor gases resulting plasma sensitive substrates
in film deposition at Requires
lower temps vacuum
Lower
temperatures
required
Dielectric Barrier Plasma generated Cold plasma Used for surface
Discharge (11,12) between electrodes, Atmospheric modification,
which are separated by a plasma sterilisation, plasma
dielectric barrier at High polymerisation

atmospheric pressure

concentration of
reactive species

Floating Electrode DBD
(FEDBD) (11)

Uses target substrate as
counter electrode to
generate plasma at
atmospheric pressure

Cold plasma
Atmospheric
pressure,

High
concentration of
reactive species
Requires
consistent
electrode
distance

Used for surface
treatment of irreqular
shapes, biomedical
surfaces

Sputtering (13)

lons bombarded of atoms
which deposits onto
substrate under vacuum

Thin uniform
coatings
Requires
vacuum

Good adhesion
Controllable
thickness

Used in semiconductor
industry
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Table 2: Traditional coating methods discussed through literature, and their main features and

uses.
Traditional Coating Description Features Applications
Dipping (14) Substrate is immersed in Simple Used for drug eluting
drug/polymer and Inexpensive stents (DES) such as
withdrawn Can result in Cypher™
non-uniform
coatings
Requires curing
Spraying (15) Drug/polymer mixture is Can control Used for DES and
sprayed onto substrate in coating balloons such as Taxus™
thin layers thickness and Endeavor™

Requires curing
Multiple layers

possible
Uniform
coatings
Electrostatic spray (16) | Drug/polymer solution is Has improved Used for DES such as
charged electro- adhesion Xience™
statically, which Good
enhances attraction to uniformity

substrate

Controlled drug
release
Requires curing

Physical vapour
deposition (PVD) (17)

Vaporisation of
solid/liquid to condense a
thin solid film under
vacuum

Very thin
uniform layers
Requires
vacuum
Multiple layers
needed

Used for semiconductor
coatings

Chemical VVapour Gas phase chemicals Corrosion Used for mechanical part
deposition (CVD) (18) deposit solid films resistant coatings
through chemical coatings
reactions at elevated Requires high
temperatures temperatures
Vacuum
required
1.2 Vacuum Plasma

Vacuum plasma can also be referred to as “under pressure”, which is plasma generated

at a pressure lower than atmospheric pressure. Absolute vacuum is 0 mbar. If the

pressure has been indicated as a relative pressure, then the absolute vacuum is -1013

mbar and the atmospheric pressure is 0 mbar (19). The process by which vacuum plasma

works involves a gas being ionised in a vacuum chamber, which forms a plasma (20).
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There are two main reasons why plasma is created in a vacuum. Firstly, the gas
introduced into the chamber will not ionise under pressure, therefore the vacuum must
be introduced before the gas can ionise and as a result form plasma. Secondly, the gases
present in the chamber can be controlled effectively under vacuum (20). The control of

the gases introduced into the chamber plays a crucial part in the plasma process.

A schematic of the typical vacuum plasma system can be seen in Figure 2. Since the
1970s, plasmas such as oxygen and argon have been used to clean surfaces of organic
impurities and contaminants as well as activate surfaces (20), which is discussed further

in 1.4 (Plasma applications).

_RF Generator

Gas '
flow

L
P Fume
= " scrubber

Electrodes Process chamber

Figure 2: Schematic of a typical vacuum plasma system (21).

Low pressure plasmas have several disadvantages including issues with scaling and the
need to ensure the materials being processed can withstand vacuum pressure. Scaling
can be difficult when it comes to low pressure plasmas as the chamber needs to be very
large as seen in Figure 3. Compared to atmospheric plasmas, low pressure plasmas are

not as efficient in continuous mode. (22).
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Figure 3: Two examples of a low pressure plasma system, (I-r) small scale vacuum plasma
and large scale vacuum chamber (23).

1.3 Atmospheric plasma
Atmospheric plasmas have become an area of huge interest for a range of technologies
such as deposition and surface treatment. A contributing factor to this is the avoidance

of the huge costs associated with vacuum based plasma systems (24).

1.3.1 Corona discharge
Corona discharges are generated around atmospheric pressure with relatively low power
electrical discharge (25). A corona discharge is produced when air or gas is exposed to
ionisation inside a region of space which is exposed to high electric fields, caused by
electrodes (26). A corona discharge is produced by strong electric fields. Corona
discharge appears as a “faint filamentary discharge” which is emitted from the discharge

electrode, this is depicted in the schematic in Figure 4 (26).
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Figure 4: Schematic of a corona discharge illustrating the ionisation and drift region
(26).

The polarity of the electrode dictates the type of corona produced. This can be unipolar
(positive or negative), bipolar, alternating current (AC), direct current (DC) or high
frequency (26). Despite the various types of corona, they all have an area where
electrons collide with neutral molecules to cause ionisation and a drift region where
these ions and electrons ‘drift’ towards ions with opposite polarity. High energy
electrons collide with neutral molecules to break them up into electrons and ions inside
the ionisation region. After the collision, if the electrons have lost their energy, no more
new collisions occur which means the polarity of the corona is maintained. After
ionisation, if high energy remains, then the electrons and ions are able to react with

ionised particles to cause the production of plasma (26).

1.3.2 Dielectric barrier discharge (DBD)
DBD systems are similar to the corona plasma systems but have a dielectric barrier
coating on the electrodes which prevents the “faint” filaments which occur with corona
discharge (27,28). The development of DBD systems to produce CAP emerged from
Siemens’ investigations, which concentrated on the production of ozone (Oz). Ozone is
made up of three oxygen atoms (29). When plasma is created, molecules are split into

single oxygen atoms which then combine with Oz to form O3 (30). Siemens did this by
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passing a flow of oxygen or air into a DBD and maintaining this in a narrow annular
gap. The electrodes were positioned on the outside of the discharge chamber, meaning

they were not in contact with the plasma (28).

These DBD systems are used in industry on a large scale. The advantages of non-
equilibrium plasma are combined with the ease of atmospheric-pressure operation (28).
Further research resulted in improved ozone generators as well as several new
applications including surface modification, pollution control and in the last 20 years,

flat plasma display panels used in television sets (31).

Dielectric-barrier discharge (DBD) reactors were designed by Werner von Siemens in

1857, a schematic of this process can be seen in Figure 5.

Dielectric Barrier Discharge

W

Resistance

[ ]<—Electrode

[ ]-<—|nsulator
| (Dielectric)

AC high voltage
power supply
1

Electrode

Figure 5: Dielectric Barrier Discharge (DBD) (31).

These atmospheric pressure DBD systems have unique features (32). These systems
produce much higher electron energies than that of the ion and neutral species energy.
A greater level of “dissociation, excitation and ionisation” occurs due to the collision of
the high energy electrons with the gas. This encourages the plasma polymerisation. It is
common in thermal plasmas for these reactions to result in an increase in the gas’

internal energy. However, this is not the case in ‘cold’ plasma (31). Therefore, non-
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thermal plasmas are not expected to cause thermal damage to thermolabile materials

such as enzymes, antibodies, and therapeutics (31).

1.3.3 Cold atmospheric plasma (CAP)
Cold plasma created at atmospheric pressure is referred to as cold atmospheric plasma
(CAP). When plasma is intended to interact with a substrate, damage to a substrate can
occur when the temperature is high, which has been seen with traditional plasma
processes (1). For this reason, some applications require low temperature plasma. This
means that the plasma is not in thermal equilibrium, such as at atmospheric pressure.
High energy electrons colliding, as well as the excitation, ionisation, and dissociation of
the gas particles result in the production of heat (33). Low gas pressures can be used to
produce these non-equilibrium plasmas, which have lower collision frequency (24).
Low pressure, non-equilibrium plasma can be used in manufacturing and processes such
as sputtering, plasma-enhanced chemical vapor deposition (CVD), plasma oxidation

(anodization), planarization, and possible medical applications (33).

1.3.3.1 Cold Atmospheric Plasma (CAP) systems.
CAPs are produced under atmospheric conditions. CAP systems are ‘cold’, which
means they will typically operate below 40°C or will prevent heating by using a pulsed
mode (34). CAP systems can be divided into three categories; direct, indirect and hybrid

plasma sources (34).

An example of a direct CAP system is the floating electrode dielectric barrier discharge

(FE-DBD). A schematic of this process can be observed in Figure 6.
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Figure 6: Schematic of a floating electrode dielectric barrier discharge (FE-DBD) reactor in
protective housing (35).

This type of CAP system uses the target surface as a counter electrode and creates high
concentrations of plasma-generated species. A limitation of this system is the need for
a constant distance to the treatment area, which can be difficult when it comes to the
human body which has a variety of curves and folds. Using a small treatment area can

help eliminate this downfall (34).

When using DBD, the current which passes through the target area, must be monitored
as there is strict safety regulations and limits which should not be exceeded (36). The
current can also have positive effects on a desired area such as iontophoresis (36).
lontophoresis involves a weak electrical current being passed through the skin (37).
Physical therapists may use plasma currents to treat several conditions such as
tendonitis, tendinopathy, bursitis and to help manage scars (36). A schematic of the

iontophoresis process can be observed in Figure 7.
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Figure 7: Schematic of iontophoresis using acetylcholine (38).

As mentioned above, DBD is used mainly as an ozoniser. These devices usually have
two electrodes. A plasma discharge is formed between the two electrodes by applying
an AC high voltage of varying kV and up to MHz frequency. Arcing is avoided by
presence of the dielectric material on one or more of the electrodes. A non-thermal

discharge is the resulting product (34).

Indirect plasma sources do not require the target source to be used as a counter electrode.
A device is used which generates a plasma between two electrodes. After the generation
of the plasma, it is transferred to the target area by a carrier gas or diffusion (39). By
using a carrier gas, the plasma-generated reactive species can be modified and used to
produce compositions for specific application. Indirect plasma sources vary in size from
small thin plasma needles to multiple jet applications, up to plasma torches on a large
scale. Indirect plasma is less controllable and also produces a lower concentration of

plasma- generated species than DBD (34).

Hybrid plasma sources combine the benefits of both direct and indirect plasma sources.
A technology known as surface micro-discharge is an example of a hybrid plasma
technology. This generates a plasma using a multitude of nano and micro discharges on
a grounded wire-mesh electrode. Since there is a smaller electrical resistance in the

wired mesh, the current produced does not pass through the target area (34).
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1.4 Plasma Applications

Plasma has evolved into an integral component across numerous industries. Plasma
etching was first introduced in mid 1960s and more so in 1970s. In the 80s, plasma
etching became a popular technique to etch layers and was then introduced for the
production of integrated circuits (40). The ability to etch silicon, aluminium and silicon
dioxide represented a breakthrough that allowed features of integrated circuits to
decrease in size over the next 40 years (41). The semiconductor industry also uses
plasmas for sputtering (40). Sputter deposition can also be referred to as physical vapour
deposition (PVD). This is a technique used widely for depositing very thin layers of

metals on semiconductor wafers (42).

Corona discharge has applications across a wide variety of processes as it is relatively
easy to produce (25). Some applications include: air purification systems, surface
treatment, electrostatic precipitators, printing, coating, waste-water treatment, and,

textile treatment (43-45).

Plasma is also used for the surface modification of many materials in the biomedical
field, both to enhance the surface properties of the substrate and biocompatibility (46).
Vacuum plasma can also be used for activation of surfaces, which results in changes in
the surface tension of the substrates. Vacuum activation works well for many surfaces
including glass, plastics, ceramics, titanium, and nitinol. In a typical air or oxygen
plasma, the bonds of the plastic polymer (non-polar hydrogen bonds) are replaced with
oxygen bonds. This encourages water and polar liquid molecules to bond to the free
valence electrons (19). Surface activation can be used to enhance wettability of the
surface. One of the most notable examples includes surface treatment for cell culture

applications. Many cell culture plates are made from plastic surfaces, meaning pre-
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treatment is required as cells do not adhere well to plastics. Many different pre-coating
steps have been investigated, including the addition of proteins such as collagen,
fibronectin, and laminin, but all require a lengthy drying process before use (47). Prior
to adding this coating, plates can be treated with vacuum plasma. The vacuum plasma
‘activates’ the plates, which causes a reduction in the contact angle of the surface and
increases the hydrophilicity of the surface (48). The plasma exposure increases the
number of OH groups on the surface which allows the pre-treating coatings to adhere
effectively to the plastic surface (48). A visual representation of the relationship between

surface energy, surface tension and wetting is shown in Figure 8 (49).

Low surface
energy —
non-wetting
High surface
tension -
non-wetting
_‘_ High surface

energy —

Low surface Wellting

tension -
wetting

Figure 8: Relationship between surface energy and surface tension in terms of wettability
(50).

When there is an interface between a solid and liquid, the angle between the surface of
the liquid and the contact surface is called the contact angle (). This is a measure of the
wettability of a solid by a liquid. Complete wetting or spreading of a liquid on a solid is
0°. Any contact angle between 0 ° and 90 ° is wettable (hydrophilic), while any value

above 90 ° is not wettable (hydrophobic). Ultra hydrophobic materials have a contact
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angle that approaches 180 ° (51). An example of bad wetting, good wetting and complete

wetting of water droplets on a surface can be seen in Figure 9.

85° Bad wetting
45° Good wetting
0° Complete wetting

Figure 9: Examples of water droplet forming on surfaces with various surface energies (51).

Recent developments have seen approaches towards the application of CAP for medical
applications (34). One key advantage of plasmas is their effectiveness to kill bacteria.
Sterilisation and cauterisation procedures have used plasma for several years. The type
of plasma used for sterilisation of equipment can be unsuitable for human tissue as it is
either extremely hot or produced under a vacuum. Plasma processes can also be used
for decontamination and disinfection purposes. Cold plasma has shown promising
results in the non-thermal food processing process to inactivate contaminating micro-
organisms on foods and packaging (52). Cold atmospheric plasma has also been
proposed as an option for applications in the biological and medical sectors to reduce

wound bacteria contamination and encourage wound healing (53).
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1.4.1. Deposition of Coatings using Plasma

Plasma polymerisation is an significant engineering technique, capable of depositing
thin functional films onto surfaces (54). The key advantage of this method is that it is
entirely dry (54). Plasma polymerisation primarily involves converting monomers with
functional groups into polymer-like layers, where these functional groups serve as
anchor points and enhance adhesive interactions with other substrates (55). The process
consists of two stages, plasma-assisted chemical vapor deposition (CVD) of a gaseous
species (monomer) and polymerisation during deposition (55). The interaction between
the gas phase molecules and plasma activates of the monomer, leading to its deposition

on the substrate (55).

Other coating methods include physical vapor deposition (PVD), which occurs in a high
vacuum. In PVD, the solid/liquid to be deposited is vaporised then condensed to form a
thin solid layer. These coatings are typically very thin, often needing multiple layers.
One common PVD method is sputtering, in which a target substrate is coated in a
vacuum chamber, resulting in a thin film (56). A schematic of sputtering can be

visualised in Figure 10.
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Figure 10: Schematic of the sputtering process (56).
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Chemical vapor deposition (CVD) is a another method used for coating, particularly in
semiconductor manufacturing . This process allows for a high quality, highly resistant
coating of a wide variety of substrates. CVD is especially suitable when mechanical
parts need protection against corrosion and wear (56). A schematic of the CVVD process

can be seen in Figure 11.

In plasma-enhanced chemical vapor deposition (PECVD), plasma replaces the thermal
energy used in CVD A plasma is generated under vacuum when a high frequency
electric field is applied to a gas, causing high energy electrons to collide with the
precursor gas molecules and break them into reactive fragments (57). This process
occurs at lower temperatures than compared to traditional CVD, which relies on heat to
break chemical bonds. (57). Plasma enhanced CVD (PECVD) allows coating on
substrates that cannot withstand high temperatures. (57). The various differences

between CVD and PVD can be seen in the below table:

Table 3: Key differences between CVD and PVD (58).

Parameter PVD CvD
Mechanism Material is transferred as | Chemical reaction of precursors on
vapour surface
Temperature Lower than CVD Higher than PVD, unless PECVD
used
Atmosphere Under vacuum Can be vacuum or atmospheric

Material types

Mostly metals and oxides

Wide range including metals,
ceramics, polymers

Film uniformity

Lower than CVD, but
depends on geometry of
substrate

Typically high with good
conformity

Deposition rate

Moderate

Moderate to high

Adhesion Moderate, may need pre- | Generally excellent
treatment
Applications Hard coatings optical Semiconductor biomedical

films microelectronics

coatings MEMS
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Figure 11: Schematic of chemical vapor deposition (CVD) (59).

In recent years, CAPs have emerged as a promising method for the deposition of
biologics (33). The discharge type generated in CAP systems is influenced by factors
such as power source, frequency, ambient gas pressure, and the shape and configuration
of the electrodes. (4). This research will specifically focus on DBD and corona

discharges produced by the proprietary BioDep™ system.

1.4.2. Biodep™ system

There is a wide choice of coating methods and materials used for various applications.
In previous years, coatings have been applied by dipping, or spraying. These are often
followed by a curing stage, which makes the entire coating process lengthy and time
consuming. TheraDep Ltd have developed a process of depositing a coating using
plasma that allows biologics and therapeutics to be adhered to various substrates. This
is called the BioDep™ system. The BioDep™ system consists of a high voltage power
supply (Redline G2000), which is connected to the deposition unit. Within this
deposition unit, there are two metal electrodes that create the plasma (60). A schematic

of the BioDep™ system can be observed in Figure 12.
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Figure 12: Schematic of TheraDep Ltd.’s BioDep™ system using a computer
numerically controlled (CNC) controller, illustration provided by Denis O' Sullivan
(TheraDep Ltd).

The patented plasma head used in the BioDep™ system is unique to this system. A

schematic of this plasma head can be seen in Figure 13.
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Figure 13: Schematic of the plasma head in the BioDep™ system, provided by
TheraDep Ltd.

The BioDep™ coating process was adapted from a previous technology which was
developed by Dow Corning. Coatings developed by Dow Corning were used in the

textile industry (61). Dr. Liam O’Neill and John O’ Donoghue discovered medical
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applications for this technology when they passed red blood cells through the CAP and
observed that the cells were still viable and unharmed by the plasma. This led to the
development of TheraDep Ltd. TheraDep Ltd have carried out research looking at
various applications of the BioDep ™ system to coat labware, and medical devices with

a number of biologics and therapeutic drugs (62—64).

TheraDep Ltd has also researched and confirmed the possibility of using the BioDep™
technology for wound healing, by depositing therapeutics such as collagen onto wounds
and other tissue (65,66). TheraDep Ltd then developed the “Deposition Accessory”
which can attach to the FDA approved Renuvion Handpiece from Apyx Medical.
TheraDep now holds several patents associated with the deposition of biologics and

therapeutics using CAPs.

The research in this thesis employs the BioDep™ system, a custom-built CAP system
that uses non-thermal helium plasmas that are produced at atmospheric pressure. This
BioDep™ unit was used to deposit a drug coating. As mentioned previously, non-
thermal plasma can also be used under a vacuum to activate surfaces. The activation
application is also used throughout this research as a pre-treatment of the titanium

substrates prior to coating.

15 Endovascular implants and their coatings

1.5.1 Cardiac implants.

The most common cardiac implants include pacemakers, implantable cardioverter
defibrillators (ICDs) and coronary vascular endoprosthesis (stents). An example of a

cardiac implant can be visualised in Figure 14, this is known as a drug-eluting stent.
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Figure 14: An image of a drug eluting stent- XIENCE V everolimus- eluting coronary stent

system used for the treatment of coronary artery disease (CAD) (67).

Intravascular stents are delivered via balloon angioplasty and have been successful in

the treatment of atherosclerotic occlusion, especially coronary arteries. The procedure

involved in balloon angioplasty is represented in Figure 15. The reoccurrence of stenosis

(restenosis) is the body’s response to injury of the arterial walls (mechanical injury).

Restenosis has two main processes, neointimal hyperplasia and vessel remodelling.

Neointimal hyperplasia is when the smooth muscle cells migrate and proliferate (68).

Restenosis has led to the advent of intravascular stenting. This involves deployment of

an expandable tubular stent in the lumen of the vessel, which physically holds the vessel

open (68).
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Stents have typically been made of stainless steel, nitinol (nickel-titanium alloy) or
cobalt-chromium alloys. Suitable materials for a medical implant application should
have desirable mechanical properties depending on the intended use and avoid
undesirable host-tissue interactions (19). Materials should be non-toxic, non-
carcinogenic, non-irritant and non-thrombogenic (70). The concept of biocompatibility
refers to “the ability of a material to perform with an appropriate host response in a
specific situation” (70). To understand the biocompatibility of specific implants, the
chemical, biochemical, physiological, and physical mechanisms must be understood

when they become operational under certain conditions.

It is very important to design and produce implantable devices which have properties to
allow them to function and fit properly into the environment in the body (46). The ideal
outcome varies depending on implant type and role. Bio-integration is desirable in many
implant applications. However, exceptions include where the implant is a temporary
device, or the implant is a pacemaker or neurostimulator and bio-integration would
hinder the function. Bio-integration occurs at the interface between the host tissue and
the implant. At this interface, no harmful effects are wanted, such as inflammatory
responses. Implants can result in or be implicated in a variety of responses in the body,
such as inflammation, coagulation, infection and fibrosis. After implantation of a device,
the body recognises it as a foreign body and can trigger a series of responses known as
the inflammatory response. The sequence of events follows the potential interaction
between proteins and other physiological macromolecules with the material surface,
initiation of inflammatory/immune response and finally repair/ regeneration process
which may lead to an equilibrium between the host and implanted device (71). The
formation of a fibrous capsule around the biomaterial can occur as a normal part of the

inflammatory response, however, this can cause issues as the capsule contracts around
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the implant. The inflammatory response can cause damage to the implant, implant

failure, and also result in generation of toxic catabolites (72).

1.5.2 Anti-proliferative drugs as an endovascular device coating

Biocompatibility must be designed into the device. Medical devices are now requiring
enhanced biocompatibility, which is being done by using bioactive coatings,
pharmacological agents, nanotextures, or hybrid systems to have desirable biologic
results. The term biocompatibility has moved from ‘do no harm’ to ‘do good’(73,74).
The medical device and materials which it consists of need to meet biocompatibility
requirements, as defined by 1ISO 10993 standards. In addition, under the European union
medical device regulation (MDR, Regulation (EU) 2017/745, Annex 1 (General safety
and performance requirements) specified that devices must be designed and
manufactured in such a way that they do not pose unacceptable risks to substances or
particles that may be released, and must minimise biological risks throughout their
intended use. Compliance with MDR typically relies on the ISO 10993 series, especially
ISO 10993-1, which provides a risk based framework for biological evaluation(75).
These standards state that the device and materials must be nontoxic, non-thrombogenic,
non-antigenic, non-carcinogenic, and non-mutagenic (73). The Food and Drug
Administration’s Office of Combination Products (OCP) have responsibilities which
cover the regulatory cycle of combination products such as drug-eluting stents, which
determines the primary regulatory responsibility. Drug-eluting stents are mainly
regulated by the Centre for Devices and Radiological Health, secondary responsibility
is with Centre for Drug evaluation and Research, whom has responsible for drug content

analysis (73)

Endovascular devices can benefit from the use of antiproliferative drugs. These drugs
have consisted mainly of two classes of drugs, mammalian target of rapamycin (nTOR)
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inhibitors and the Taxol® derivative, paclitaxel. The very first drug eluting stents used
sirolimus, which is an mTOR inhibitor. Soon after the use of sirolimus became popular,
paclitaxel was introduced as a device coating. Since then, the number of mTOR
inhibitors has increased to become the most popular antiproliferative agents eluted from
endovascular devices (76). Some examples of companies and the drug eluting stents
they manufacture can be seen in Table 4: Examples of drug eluting stents (DES), their

manufacturers and coating methods.

Table 4: Examples of drug eluting stents (DES), their manufacturers and coating
methods.

Company Brand name Drug eluted | Coating method | Reference
Cordis Cypher™ stent Sirolimus Dip coating (77)
Medtronic Endeavor ™ Resolute™ | Zotarolimus Spray coating (78,79)

Onyx stent (78)
Abbott Xience ™ stent Everolimus Electro- spray (67,80,81)
Laboratories coating
Boston Promus ™ stent Everolimus Spray coating (82)
Scientific
Boston Taxus ™ stent Paclitaxel Spray coating (83,84)
Scientific
Medtronic In. Pact Admiral ™ Paclitaxel Spray coating (85)

The Endeavor Resolute Ony ™ stent (Medtronic), Promus™ and Taxus™ (Boston
Scientific), Xience™ stent (Abbott Laboratories) and the IN. PACT Admiral™
paclitaxel-coated percutaneous transluminal angioplasty (PTA) balloon catheter
(Medtronic), all use a spray coating method (14,77-80). Prior to coating, the stents and
balloons are cleaned and a primer layer applied to enhance adhesion of the drug. The

coating is applied via spraying, which can involve multiple thin layers of a drug-polymer
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mixture. Each of these layers needs to be carefully cured before the next is applied to
ensure a uniform coating with controlled release (14). The Xience™ stent manufactured
by Abbott Laboratories is coated by electrostatic spray deposition. This means that the
drug, everolimus, is mixed with a fluoropolymer, and this solution is then charged
electrostatically (86). By charging this solution, it encourages the attraction of the
solution to the surface of the stent when it is sprayed onto the surface (81). A curing step
is still required to ensure the polymer is stable and adheres well to the surface and allows
for controlled release of the drug (87). Schematics of dip coating, electro-static spray

and spray coating can be visualised below in Figure 16.
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Figure 16: Schematics of various types of coating methods, A) Dip coating B) Electro-
static spray coating C) Spray coating (88).

1.5.3 Everolimus
Everolimus is a derivative of rapamycin (also known as sirolimus). Everolimus is a
small molecule drug with a molecular weight of 958 g/mol (89). Currently, everolimus

is used as an immunosuppressant after organ transplants, and to treat various types of
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malignancies (90). Both everolimus and sirolimus work similarly, but some of the

differences are highlighted below in Table 5.

Table 5: Key differences between sirolimus and everolimus in terms of half-life,
potency, and uses (91).

Everolimus Sirolimus

Shorter half-life than sirolimus Longer half-life than everolimus

Higher potency than sirolimus Less potent that everolimus
Higher bioavailability than sirolimus Lower bioavailability than everolimus
Stimulates mitochondrial oxidation Inhibits mitochondrial oxidation
Used in second generation DES like Some first generation eluting stents had

XIENCE V and Promus, reduces vascular | issues with polymer biocompatibility and
inflammation to a greater extent inflammatory response.

Everolimus is commonly used in drug eluting stents to prevent restenosis and rejection
of stents by the body. Everolimus does this through several processes. Firstly, it has an
antiproliferative effect. It inhibits the activity of the mTOR, which is a protein kinase
that plays a vital role in cell proliferation and growth. Everolimus prevents smooth
muscle cells from proliferating and migrating to the stent site by blocking the mTOR
signalling pathway, thus inhibiting the formation of neointimal hyperplasia, which is a
key contributor to restenosis. Everolimus also possesses anti-inflammatory properties,
which also help suppress the immune response, that is triggered by the presence of the
stent in the blood vessel. The reduction of inflammation minimises the risk of immune-
mediated rejection against the stent (92). The mechanism of action involves the blocking
of “growth-driven transduction signals in the T-cell response to alloantigen” (93).
Everolimus is incorporated into a polymer coating on drug-eluting stents which allows
for the controlled release of the drug. Some examples of these polymers include poly-

n-butyl-methacrylate, vinylidene fluoride, and hexafluoro-propylene (94) . This ensures
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the therapeutic levels of everolimus are maintained at the stent site for an extended

period which provides continuous protection against restenosis and rejection (84).

Everolimus has two main isomeric forms, the predominant 6-member pyran and a less
dominant 7-member oxepane, depicted in Figure 17 (95). These isomers are inter-
convertible through the process of tautomerisation. Many degradation products of
everolimus have been identified as isomers of everolimus. The 7-member oxepane also
referred to as 501-95, is the only form which produces a tautomer peak during analysis

via HPLC, so it represents a unique identification feature on a chromatogram.

CH, CH,

Everolimus Pyran isomer Everolimus Oxepene isomer

Figure 17: Chemical structures of everolimus isomers (95).

Everolimus and sirolimus differ structurally at position 40 where everolimus contains a
stable 2-hydroxy-ethyl chain (93). This can be observed in Figure 18, where position 40

is highlighted in both everolimus and sirolimus.
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Everolimus Sirolimus

Figure 18: Chemical structure of everolimus and sirolimus, and their differing structure at
position 40 (96).

Everolimus is a white to light yellow amorphous powder. It is almost insoluble in water.
Everolimus is also unstable at temperatures above 25°C and is also sensitive to light.
Everolimus requires an antioxidant to stabilise it (97). Due to the complex structure of
everolimus, several possible degradation pathways can occur at different positions in
the molecule. On storage, it has been proven to be stable for 60 months at -25°C.
However, a correlation has been observed between increasing temperature and an
increase in degradation products, which is caused by the reduction in antioxidant,
butylated hydroxytoluene (BHT) levels. Everolimus was also observed to be

hygroscopic, and sensitive to acid, base and hydrogen peroxide (97).

1.6 Antioxidant used in pharmaceutical formulations- Butylated hydroxytoluene

(BHT)

Butylated hydroxytoluene (BHT) is commonly used as an antioxidant in pharmaceutical

formulations. The structure of BHT is shown in Figure 19.
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Figure 19: Schematic representation of butylated hydroxytoluene (BHT) used to stabilise
everolimus (98).

BHT prevents degradation of sensitive compounds, including drugs such as everolimus.
BHT is capable of stabilising everolimus by two key mechanisms. Firstly, BHT
scavenges free radicals, which can cause chemical reactions that lead to drug
degradation (99,100). Free radicals can be produced from a variety of processes,
including exposure to light, oxygen, and increased temperatures. BHT is a chain-
breaking antioxidant which means it interrupts the chain reaction of oxidation by
donating hydrogen atoms to free radicals, stabilising them as a result (101). This
prevents the propagation of oxidative reactions which can lead to the degradation of
drugs, such as everolimus (101,102). Secondly, BHT has been reported to chelate metal
ions such as copper and iron, which can catalyse oxidative reactions by generating
reactive oxygen species. By forming a complex with these metal ions, BHT inhibits their
activity and reduces the chances of oxidative degradation of drugs, such as everolimus
(203). In this study, BHT will be included in the everolimus coating solutions at various

concentrations to mitigate degradation.
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2. Thesis aim and objectives

The aim of this research was to use the plasma coating process developed by TheraDep

Ltd, known as BioDep™, to effectively deposit everolimus coatings onto titanium discs

and to investigate the properties of the coatings. This aim is supported by three main

objectives:

To coat everolimus onto titanium discs using the BioDep™ plasma process and
compare to wet deposition (no plasma).

To characterise the everolimus coating using a range of analytical techniques;
confocal and polarised white light imaging to visually inspect the coating on the
substrate, water contact angle (WCA) to determine the hydrophobicity/
hydrophilicity of the coating, Fourier-transform infrared (FTIR) spectroscopy to
determine the functional groups present when deposited with and without plasma,
Raman spectroscopy to assess the presence of everolimus in the deposited
coatings, deep ultraviolet mapping (DUV) to confirm the presence of the drug on
the surface, and atomic force microscopy (AFM) to measure any changes in the
surface roughness.

To develop and validate an effective HPLC method to quantify everolimus

loading onto titanium discs.
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3. Materials and Methods.

3.1 Materials
Everolimus powder was purchased from Kemprotec Ltd. (Camforth, UK). Titanium discs
were purchased from Lisnabrin Engineering Ltd (Cork, Ireland). All other reagents and

chemicals were supplied by Merck Life Sciences Ltd. (Wicklow, Ireland) as detailed in

Table 6.

Table 6: Details of materials, grade, and suppliers.

Material Form Grade Supplier
Everolimus Powder >98% Kemprotec Ltd.
Acetonitrile Liquid HPLC grade, Merck Life

>99.9% Sciences Ltd.

Methanol Liquid HPLC grade, Merck Life

>99.9% Sciences Ltd.
Water Liquid HPLC grade Merck Life
Sciences Ltd.
Ammonium Powder >99.995% Merck Life
formate Sciences Ltd.
Formic acid Liquid >95% Sigma- Aldrich
Butylated Powder >99% Merck Life
hydroxytoluene Sciences Ltd.
NaCl Cards Disc N/A Merck Life
Sciences Ltd.
Titanium discs Disc I Lisnabrin
(15 mm diameter, Engineering Ltd.
area 3.54 cm?)
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3.2 Methods

3.2.1 Plasma deposition of everolimus
The deposition of the everolimus was carried out using the Biodep™ unit, which consists
of a Redline G2000 high voltage (HV) power supply, and a helium supply that are both
connected to Theradep’s deposition module mounted on a CNC controller. It is a custom-

built CAP system, used for deposition of APIs and other materials. A schematic of the

nebuliser, chamber and substrate can be observed in Figure 20.
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Figure 20:Schematic of the BioDep™ system used for the deposition of the everolimus coating

(schematic designed by Denis O’Sullivan, Engineer at TheraDep Ltd).

The Biodep™ unit, has a ‘plasma head’ which consists of two electrodes, a gas port and
a pneumatic nebuliser (T2100, Burgener), which is connected to a syringe pump. The
syringe pump controls the flow rate of the solution to be deposited. The electrodes receive
power from the Redline power supply which creates an electric field between the two
electrodes and the substrate below to be coated. The substrate acts as a ‘ground point’.

The syringe pump allows the controlled flow of solution into the nebuliser. An image of
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the syringe pump used in this specific system can be seen in Figure 21. A controlled flow
of the nebuliser gas (argon) flows through the gas port on the nebuliser creating a fine
mist that is sprayed into the electric field. The interaction between the plasma and the fine

mist results in a plasma deposited, cured layer of the API on the substrate.

Figure 21: An image of the syringe pump used in the BioDep™ plasma system, located in
TheraDep Ltd, Clonmel, Ireland.

To generate the plasma discharge, helium gas and the high voltage power were introduced
into the Teflon head. Within this, the gas circulated around the electrodes, initiating
plasma formation between them and the substrate. Both the nebulised spray and plasma
discharge occurred within an acrylic tube, which can be observed in Figure 22.The
dimensions of this tube were: width 28 mm and length 44 mm. The substrate to be coated
was placed below the tube on a CNC table. This CNC table and plasma head are
controlled by G-programming language, which can be referred to as ‘g-code’. This
programme allows the control of the specific pattern and speed of the movement of the

acrylic tube over the substrate.
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Figure 22: Image of the Biodep™ plasma deposition system located in TheraDep Ltd, Clonmel,
Ireland. The white cable bringing the high-voltage power supply to the Teflon plasma head
which contains two electrodes. The nebuliser is placed into this Teflon head and everolimus is
deposited onto the titanium discs below. Pictured is during plasma deposition, as seen by two
plasma jets (104).

Solutions of everolimus were prepared in ethanol. Pilot studies were carried out with an
everolimus concentration of 7 mg/mL. However, for deposition Study 1, it was increased
to 10 mg/mL to increase the mass deposited and to facilitate everolimus detection and
more accurate analysis. In Study 2, the concentration of the everolimus solution was

further increased to 20 mg/mL.

The substrate, titanium discs (15 mm diameter, area 3.54 cm?), were sterilised with
isopropanol (70%) prior to plasma activation. The discs were activated in a Diener Zepto
vacuum activator (Ebhausen, Germany) for two minutes on either side using helium at a
flow rate of 0.5 L/h and 100% power. After activation, the discs were coated with
everolimus on both sides. The plasma deposition parameters used for depositing
everolimus onto the titanium discs are shown in Table 7. Controls were also prepared,
which were everolimus coated discs deposited through the Biodep™ unit without plasma
(0 V), also referred to as ‘wet deposit’ or ‘wet chemical process’. These served as controls

to determine the effect of the plasma-everolimus interaction on everolimus stability.
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Table 7: Plasma deposition parameters employed in studies 1 and 2 to coat titanium discs
with everolimus.

Study 1 Study 2
Parameter Value/Unit Value/Unit
Gas flow rate 6 L/min 6 L/min
Precursor flow rate 100 pl/min 100 pl/min
CNC speed 1000 mm/min 750 mm/min
Step size 4.5 mm 2.25 mm
Deposition type Plasma Wet Plasma Wet
deposit deposit deposit deposit
Frequency 20.4 kHz n/a 20.4 kHz n/a
Voltage MV ov 90V ov
Power 0.09 A n/a 0.09 A n/a
8W 8W

The two coating studies (Study 1 and Study 2) were carried out to deposit different
theoretical masses of everolimus. The theoretical concentration of everolimus to be
deposited onto titanium samples were calculated as shown in Table 8. Discs from coating
Study 1 were analysed with HPLC Method 1, while discs from Study 2 were analysed

with HPLC Method 2.
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Parameter Study 1 Study 2
Everolimus liquid concentration 10 mg/ mL 20 mg/ mL
Liquid flow rate 100 pl/ min 100 pl/ min
CNC speed 1000 mm/ min 750 mm/ min
CNC step size 4.5 mm 2.25 mm
Coating efficiency 25% 25%
Number of passes 1 1
*Deposited weight/ minute 0.25 mg/ min 0.5 mg/ min

**Deposition time per cm?

2 x 102 min/ cm?

6 x 102 min/ cm?

***Deposition rate

6 x 10° mg/ cm?

3 x 102 mg/cm?

Area of sample to be coated 3.54 cm? 3.54 cm?
****Deposited mass per disc 20 ug 105 pg
*****Deposited mass per cm? 5.7 pg/cm? 29.7 pglem?

* Liquid concentration (mg/mL) x liquid flow rate/100 (mL/min) x efficiency of process
**Time per square cm= number of passes x 10 mm long/ number of steps per cm
*** Deposition weight per minute x time per square cm

****Deposition rate x area

*****Deposited mass per disc / area of disc

In the case of FTIR analysis, everolimus was deposited statically onto sodium chloride
(NaCl) infrared (IR) cards at a flow rate of 100 pl/min, at a voltage of 90 V for the plasma
deposited sample and at 0 V for the wet deposited sample. A Ti substrate was not used
for FT-IR analysis as IR cannot penetrate Ti. The static deposit was carried out directly
over the NaCl window for a duration of one minute, to ensure adequate drug deposition

for analysis of functional groups in the drug.

3.2.2 Characterisation of everolimus coating

3.2.2.1 Confocal and polarised white light imaging.
Confocal laser scanning microscopy was used to assess the distribution of the everolimus

coating on the surface of the titanium substrate. The samples were observed with a
LSM710 upright confocal microscope (Zeiss, Oberkochen, Germany) using plan
apochromat objective.
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3.2.2.2 Water contact angle (WCA).

The water contact angle analysis of coated and uncoated samples was conducted using
the Kruss TVA100 (Hamburg, Germany). The Kruss TVA100 uses a top-view method
for the measurement of contact angle between a liquid and a solid. An image of the
instrument used for this analysis is shown in Figure 23. Measurements were taken by
pipetting a 5 ul water droplet onto the surface of the substrate using a micro-pipette.
Methylene blue was added to the water prior to pipetting. An image of the droplet on the
surface was captured from above using a high-resolution camera which is built into the
Kruss TVA100 instrument. Software on the KRUSS machine was used to analyse the
image to determine the shape and size of the droplet, as well as the location of the three-
phase contact line where the liquid, solid and vapour meet (49,105). The contact angle of
the droplet was calculated based on the layout of the three-phase contact line. Each sample

was measured in triplicate and average values reported.

Figure 23: KRUSS TVA 100 instrument in TheraDep Ltd, Clonmel, Tipperary, used for WCA
analysis of the everolimus coated titanium discs.
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3.2.2.3 Fourier-transform infrared (FTIR) spectroscopy.
Fourier-transform infrared (FTIR) spectroscopy was used to analyse everolimus
deposition on NaCl IR cards. The coated cards were analysed using a Perkin Elmer
Spectrum One instrument (Waltham, USA), which operates in single beam mode. Each

sample underwent 16 scans with a resolution 0.5 cm L.

3.2.2.4 Raman spectroscopy.

Raman spectroscopy measurements were carried out using a XploRA Raman
spectrometer (Kyoto, Japan) equipped with the following parameters. The laser excitation
sources utilised were wavelengths of 785 nm, 633 nm and 532 nm. Spectra were acquired
with an acquisition time of 30 s per accumulation and a scan range of 250-3000 cm™. The
binning function was set to 1. The grating employed had a resolution of 1200 lines per
millimetre (I/ mm), ensuring high spectral resolution. A slit width of 100 pum was utilised
to control the entrance of light into the spectrometer. Additionally, a hole diameter of 300
was employed to optimise signal-to-noise ratio. Spatial mapping was performed using a
100- point map configuration, with each map comprising a grid of 10 x 10 points. The
step size along the X- axis was set to 3 um, while along the Y- axis, it was set to 5 pm,
ensuring comprehensive coverage of the sample surface. The detector used was a

HJY/EM detector.

500 points were measured on different locations across the everolimus-coated titanium
discs, with each point measuring 100 um in area. The data was averaged. The data was
baseline corrected to avoid Rayleigh scattering and normalised for comparison. Three

different wavelengths were used 532 nm, 633 nm, and 785 nm.
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Table 9: Summary of Raman acquisition parameters used to analyse everolimus-coated

titanium discs.

Parameter

Setting

Range: 250- 3000cm*

Windows: 4

Autoscanning: Off

AutoFocus: Off

SWIFT: Off AutoExposure: OFF
Spike filter: Off Delay time (s): 0

Binning: 1 Readout mode: Signal

DeNoise: Off ICS Correction: Off

Dark correction: Off

Instrument process: Off

Detector temperature: -60.09

Obijective: 100

Grating: 1200 Filter: 100
Laser (nm): 785.12 Slit (um): 100
Fiber: 0 Laser pol: 1
Raman pol: 2 StageXY: Marzhauser

StageZ: Marzhauser

3.2.2.5 Deep Ultraviolet (DUV).

Z (um): 0

The DUV fluorescence was conducted using a fluorescence spectrometer (PL 200)
(Photon systems Inc., Covina, USA). This was carried out with a 5X deep UV achromatic
microscopic objective, and a Ne-Cu hollow cathode laser (PSI Ne-Cu 30, Aem=248.6 nm)
was focused directly on the sample. Spectra were taken between 250 nm to 620 nm using
a 300 g/mm grating providing a 1.2 nm spectral resolution. A DUV map (8 mm?, 500

points) was measured and averaged.

3.2.2.6 Atomic force microscopy (AFM).
Atomic force microscopy was carried out using a Nanosurf Easy Scan unit (Nano Surf
AG, Switzerland) under the following conditions: the voltage of the tip was set at 0 V,
the z height of scans was set to 4.9 um, the scan range was 50 um, with overscan enabled

at 10%. The scans were analysed using Nanosurf ™ Easy Scan software. Everolimus
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coated titanium discs deposited by wet deposition (0 V) and plasma deposition (90V)

were analysed. Each sample type was analysed in triplicate and averages reported.

3.2.3 Quantification of everolimus recovered from titanium discs coated using
‘Study 1’ parameters.
Everolimus coated titanium discs prepared in coating Study 1 (section 3.2.1) underwent
elution in acetonitrile (ACN). Two coated discs were placed in each well of a polystyrene
6-well plates (Sarstedt), Figure 24, to which 1 mL of ACN was added. The plates were
wrapped in parafilm to prevent solvent evaporation, and left for 2 h at room temperature,
with regular gentle swirling of the plate. Two factors were evaluated, (i) comparison of
plasma and wet deposition and (ii) the impact of BHT addition at three concentration

levels, 0%, 5% and 10%, Figure 24.
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Figure 24: Two titanium discs coated with each specific coating were placed into each well with
1 ml acetonitrile for elution of coating. Discs were coated with (i) everolimus (0% BHT), (ii)
everolimus with 5% BHT (iii) everolimus with 10% BHT, through both wet chemical (0 V) and
plasma deposition (90 V).
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Considerable evaporation occurred which affected the accuracy of the results obtained
and therefore a new method for elution was determined. Capped-glass vials were used
instead of 6-well plates and ethanol was used as solvent instead of ACN. Two coated-
titanium discs were added to each vial with 1 ml ethanol. Parafilm was placed around the
lids as a secondary precaution and the drug was allowed to elute at room temperature for
a duration of 2 hours, with regular gentle swirling of the vials to ensure the liquid fully
covered the discs. After elution, the 1 ml eluent was removed via pipette and the
concentration and stability of everolimus was determined by RP-HPLC. Again,
everolimus discs evaluated included a comparison of plasma and wet deposition and the
impact of BHT addition at three concentration levels, 0%, 5% and 10% (6 coating types).

Each sample type was evaluated in triplicate and averages reported.

3.2.4 Quantification of everolimus recovered from titanium discs coated using
‘Study 2’ parameters.
Due to difficulties quantifying the mass of everolimus deposited in Study 1, the deposition
method was adjusted. The revised method is referred to as Study 2 and parameters are

detailed in section 3.2.1.

Titanium discs were coated with an increased everolimus concentration (20 mg/mL). Any
issues related to the evaporation of ACN were avoided by using glass jars with lids and
6-well plates, which were covered in parafilm during the test phase. One coated titanium
disc was placed in each well of a polystyrene 6-well plate (Sarstedt) and 1 mL of ACN
was added. Initial scoping experiments involved a 2 h elution process at room temperature
with regular gentle swirling. This was then switched to a 24 h elution process in glass jars
due to the presence of a contaminant from the interaction of the polystyrene plate and
acetonitrile, see supplementary information, section 0, Figure 56-Figure 63. The coated
discs were placed in capped glass vials containing 1 mL of ACN and left on a plate shaker
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for 24 h at room temperature. Blank discs were also incubated in 1 mL ACN for a duration
of 24 h in glass vials.
3.2.5 RP-HPLC methodology to detect and quantify everolimus using HPLC

Method 1 and 2.

The RP-HPLC method employed for everolimus quantification was based on a European
Pharmacopeial method employing a reverse phase C18 column (106). The composition
of mobile phase A was altered to reduce polarity. The RP-HPLC parameters employed
for method 1 are outlined in Table 10. After method validation was carried out on HPLC
method 1, issues arose with the retention time drifting during sample analysis. This
together with characterisation studies which showed a low and variable coating prompted
a 2" study to be undertaken. Study 2 involved changing the RP-HPLC method to enhance
reproducibility during sample analysis. The samples measured using HPLC Method 2
were coated using the parameters outlined in Study 2 (Table 7). The RP-HPLC parameters
employed for both methods are outlined in Table 10. A forced degradation sample of
everolimus was prepared by placing 500 ug everolimus in a glass jar and placing it in a
water bath at 60°C for 4 hours, and then exposing the vial to room temperature and light

for 24 hours before pipetting 1 ml ethanol into the vial.
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Table 10: RP-HPLC parameters used to analyse everolimus samples in both Study 1 and

Study 2.
Parameter Details HPLC Method 1 Details HPLC Method 2*
Instrument Agilent 1120 Agilent 1220
Column Kinetex® 2.7 um C18
150 x 2.1 mm
Mobile Formic acid/ methanol/ 0.7g/L HPLC Grade water
phase A* ammonium formate/ ACN
Volume ratio (0.05/100/450/450)
Mobile Formic acid/ methanol/ 0.96g/L HPLC Grade ACN

phase B ammonium formate/ ACN
Volume 0.05/100/330/570)

Gradient | Time % A % B Time % A % B
0 20 80 0 70 30
10 100 0 10 30 70
15 100 0 15 30 70
20 20 80 20 70 30

Flow rate 0.3 mL/ min 0.9 mL/ min
Temperature 60°C 40°C
Detector UV detection at 278 nm
Injection 10 wl

*Note the changes to the mobile phases, the gradient, flow rate and temperature but also
a new HPLC instrument was used in comparison to Method 1.

3.2.6 RP-HPLC method validation

For the HPLC Method 1, the stock solution of everolimus was prepared by dissolving the

drug in ethanol (96%) at a concentration of 10 mg/mL. Everolimus standards ranging

from 5- 1000 pug/mL were prepared in ethanol. For HPLC Method 2, the stock solution

of everolimus was prepared by dissolving the drug in ethanol (96%) at a concentration of

20 mg/mL. Everolimus standards ranging from 1- 500 pug/mL were prepared in ethanol.
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For Method 1, everolimus standards (5- 250 pg/mL) were freshly prepared daily and
analysed on three separate days. Each day these standards were analysed in triplicate by
the HPLC method previously described above and parameters outlined in Table 10. The
peak area of the everolimus standards were plotted against concentration to create a
calibration curve, which was used to determine everolimus concentration recovered from
the coated discs. Limit of detection and limit of quantitation were calculated using the

following equations:

Equation 1: Limit of detection (LOD)

LOD = 3.3x0
S
Equation 2: Limit of quantitation (LOQ)
LOD = 3.3x0
s

3.2.7 Statistical analysis
In this study, several statistical methods were employed to analyse the data and determine

the significance of the results.

3.2.7.1 One-way-ANOVA (significance level, a = 0.05)
Statistical analysis was conducted using one-way ANOVA to determine whether there
were statistically significant differences between the means of three or more independent
groups. A null hypothesis was defined, stating no significant difference between groups.
If the p-value was less than 0.05, the null hypothesis was rejected, indicating significant

difference between group means (107).
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3.2.7.2 Two-way-ANOVA (significance level, a = 0.05)

Statistical analysis using two-way ANOVA was conducted on everolimus concentrations
and tautomer peak percents found after deposition with and without plasma to determine
if any statistically significant main or interaction effects occurred. The assumptions
included normality, homogeneity of variances, and independent observations. A
hypothesis was defined, stating no significant difference between the main effects and
interaction, and if the p-value for any factor or interaction was less than 0.05, the null

hypothesis for the factor was rejected (108).

3.2.7.3 Paired t-test

The t-test was used to compare the means of two paired groups, in this case the mean
percent tautomer peak of the everolimus sample that underwent degradation in
comparison to the everolimus standard. This test assumes normally distributed data. The
null hypothesis stated that there was no difference between group means, and if the p-
value was less than 0.05, the null hypothesis was rejected, indicating a significant

difference (94)

3.2.7.4 Tukey post-hoc analysis
After conducting ANOVA, Tukey’s post-hoc analysis was applied to identify which
specific group were statistically significantly different. Using critical values, the test
compared multiple group means, If the test statistic (q) exceeded the critical value, the
null hypothesis for that comparison was rejected, indicating a significant difference

between the groups (110).
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Table 11: Tukey's test critical values for post-hoc analysis of WCA , and RP-HPLC
results (k= number of groups in the analysis, df= degrees of freedom).

k df Critical value Post-hoc analysis test
4 16 4.05 Water contact angle results
6 12 4.75 RP-HPLC results for Study 1 and 2.
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4 Results

4.1 Characterisation of everolimus coated titanium discs

4.1.1 Images acquired using polarised white light and confocal imaging
Images acquired using polarised white light in Figure 25 show that the wet deposited
everolimus, plasma deposited everolimus and blank titanium disc are all similar in
appearance, except for the presence of rings formations on both samples with everolimus
coatings. The presence of the rings on both the wet deposit and plasma deposit, are
indicative of the everolimus coating on the substrate. As the drug is nebulised and
deposited, it is cured instantly on the surface which can result in ‘rings’ as it hits the
surface. This appearance was noted for other materials deposited employing the

BioDep™ system including collagen (65).

\i';
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Figure 25: Polarised white light imaging results of (A) wet deposited everolimus (0 V), (B)
plasma deposited everolimus (90 V), and (C) blank titanium disc. Red arrows in A and B
indicates the presence of a ring. Scale bar indicates 50 um in images A-C.

The everolimus coating deposited on titanium discs using both the wet and plasma
deposition were also visualised using confocal imaging, Figure 26. Again both the wet
and plasma deposited everolimus coatings appear visually similar with both images

showing rings, which again are indicative of the coating on the surface as previously noted
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(65). The plasma process did not alter the appearance of the everolimus coating on the

titanium disc, which further supports the polarised white light imaging.

Figure 26:Confocal imaging of everolimus coated discs (A) wet deposit no plasma (B) plasma
deposit (90 V).

4.1.2 Water Contact angle (WCA)
The results presented in Table 12 demonstrate that the surface chemistry of the titanium
disc was significantly changed by the everolimus coating. Initially, the blank titanium
disc exhibited a WCA of 95° which was then reduced to 60° with the wet deposit of
everolimus. Plasma deposited everolimus showed a slightly higher WCA of 64°. The
addition of BHT further reduced the WCA, for the wet deposit (50 £ 3°) compared to
plasma deposition (60°). Statistical analysis using two-way ANOVA showed significant
effects of both plasma treatment (p = 0.0125) and BHT (p = 0.025) on WCA. An increase
in hydrophilicity of the titanium disc was observed for all coatings, with WCASs ranging

between 50 + 3° and 64 + 8°, compared to 95 + 7° for the blank disc.

Table 12: Mean water contact angle (WCA) results for everolimus coated,
everolimus/BHT coated and a blank titanium disc. Data represents mean + standard
deviation, n=5.

Coating solution deposited Wet deposit (0 V) | Plasma deposit (90 V)
Blank titanium disc- control 95+ 7°
Everolimus 10 mg/ mL 60 + 4° 64 + 8°
Everolimus 10 mg/ mL + 10% BHT 50+ 3° 61+4°
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Tukey Post-hoc Analysis for Water Contact Angle (WCA)

——- Critical value (q = 4.05)

OV no BHT vs OV BHT i
90V no BHT vs 90V BHT
No BHT: QV vs 90V

BHT: OV vs 90V

Comparison Groups

0V no BHT vs 90V BHT

0V BHT vs 90V no BHT

Tukey's q Value

Figure 27: Tukey Post- hoc analysis for water contact angle (WCA) with all groups
surpassing the critical value, (* representing SSD.

4.1.3 Fourier-transform infrared (FTIR) spectroscopy
The reference FTIR spectra of everolimus and BHT can be seen in Figure 28 and Figure
29. Everolimus characteristic bands seen at 3400cm™ and 2900 cm™, which are
representative of O-H stretching and C- H stretching, as well as bands at 1725 cm™, which

are representative of C = O stretch are present in all coated samples (97,111) .

4000 3000 2000 1000 650
Wavenumber [cm-1]

Figure 28: Reference FTIR spectrum for analysis of everolimus reprinted from: (70).
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Figure 29: Reference FTIR spectrum for analysis of BHT reprinted from:(113).

The everolimus coatings on the NaCl discs, deposited with and without plasma (90 V and
0 V), were analysed using FTIR spectroscopy (Figure 30). NaCl cards were chosen as IR
cannot penetrate titanium. The spectra revealed no additional peaks or changes in peak
ratios, indicating that plasma treatment did not alter the everolimus chemistry. Key
features included a broad band (3700-3100 cm™), carbonyl peaks (~ 1722 cm™), and C-
O stretching (~ 1090 cm™)(111) . Adding 10% BHT (Figure 31) to the coatings led to
minor changes, with a sharp peak 3622 cm™ in wet deposits which is also present in the
BHT reference spectrum (Figure 29), but not in plasma-treated samples, possibly due to

BHT oxidation in plasma. Further studies are required to confirm this
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Figure 30: Representative FTIR spectra of everolimus deposited on NaCl discs. (Top) a wet
deposit (0 V) and (Bottom) plasma deposited (90 V). Three independent replicates were
analysed for each sample type.
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Figure 31: Representative FTIR analysis of everolimus coating incorporating BHT, deposited
on titanium using (Top) wet (0 V) and (Bottom) plasma (90 V) deposition. Three independent
replicates were analysed for each sample type.
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4.1.4 Raman spectroscopy analysis of coated samples
An ultra-wide Raman scan revealed several features within the range 400-1800 cm™,
Figure 32. The peaks at the lower wavenumbers are most likely due to the various forms
of titanium dioxide (TiO2) on the surface of the discs. Titanium dioxide exists in two
forms, rutile and anatase (114). The anatase form is reported to demonstrate a dominant
peak at 516 cm™ (115), while the rutile phase has two peaks, one at 446 cm™ and the other
at 610 cm™ (116) . This mixture of oxides can contribute to a peak at 300 cm™ (117). The
spectra collected exhibits broad overlapping peaks between 300 cm™ and 650 cm™ which

suggests the oxide surface may consist of a mixture of oxide phases.
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Figure 32: Raman spectrum of everolimus powder and coatings deposited by plasma and wet
chemical process.

A focused analysis of the 1000- 1800 cm™ region, Figure 33, which is free from
background interference from the titanium surface, highlights key everolimus peaks. The

spectrum of pure everolimus shows a dominant carbonyl peak at 1640 cm™, along with
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weaker C-H, C-O and C-C/C-H peaks at 1450 cm™, 1220 cm?, and 1180 cm?,
respectively (118). Both the wet and plasma deposited everolimus coatings exhibit these
features, though with lower intensity, especially in the wet deposit, suggesting a low
concentration of everolimus on the titanium surface. Additionally, the C-O and C-H peaks
are more pronounced in the plasma deposited sample, while they appear broader and less

resolved in the wet deposit. This confirms the presence of everolimus on both substrates.
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Figure 33: Magnified Raman spectrum (1000-1800 cm™) highlighting the areas containing
peaks derived from (i) pure everolimus powder (ii) everolimus deposited by plasma (90 V) (iii)
everolimus deposited via wet chemical process (0 V).

4.1.5 Deep Ultra-Violet mapping
The distribution of everolimus on the titanium substrate was determined by mapping the
DUV fluorescence spectral response and comparing it to the spectral response of controls
(positive control- everolimus powder, negative control- uncoated titanium substrate). To

visualise the distribution, mapped regions with a spectral response similar to everolimus
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powder were displayed as green, while red indicated the uncoated titanium substrate. The
gradient from green to red in the DUV fluorescence map revealed a heterogeneous
distribution of the everolimus coating, with areas of higher concentration and regions with

little to no coating.

Figure 34 shows the DUV map of a plasma deposited (90 V) everolimus coating,
confirming the presence of everolimus on the surface, but with a low and uneven

concentration.

Figure 34: DUV map of everolimus coating deposited via plasma deposition (90 V) onto a
titanium disc, green indicates presence of drug while red indicates no drug present (500 points
of 100 um measured,).

In Figure 35, the DUV map of the everolimus coating deposited via wet chemical process
(0 V) shows more green squares in comparison to the plasma deposited map in Figure 34,
indicating a larger coated area. The green to red gradient observed confirms a low
concentration of everolimus across the surface, similar to the plasma deposited sample.
Additionally, the DUV map supports the findings from confocal and polarised white light
imaging, showing ring-like formations of everolimus, where the coating has cured, this

further illustrates the non-uniformity of the coatings.
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Figure 35: DUV map of everolimus coating deposited via wet deposition (no plasma, 0 V) onto
a titanium disc, green indicates presence of drug while red indicates no drug present (500
points of 100 um measured,).

The DUV analysis data summarised in Figure 36, compared the plasma deposited
everolimus with the wet deposited coating. The wet deposited everolimus exhibited a
higher mean intensity which indicates a greater concentration of the drug on the surface
in comparison to the plasma deposited everolimus. However, despite this increased
intensity, both samples still show a relatively low concentration of everolimus across the

surface, highlighting the overall limited deposition.
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Figure 36: Average DUV map comparisons (500 points of 100 um spot size measured and
averaged) between everolimus deposition using wet (0 V) and plasma deposition (90 V).

4.1.6 Atomic force microscopy (AFM)
The surface properties of the everolimus coating deposited with and without plasma (0 V
and 90 V) were compared to a blank titanium disc using AFM, representative AFM scans
of each can observed in Figure 37. In Table 13, the difference in surface roughness
between the blank titanium disc and everolimus coated discs is shown. The AFM results
showed that the deposition of everolimus with and without plasma, did not significantly
affect the surface roughness of the titanium disc. There is no statistically significant
difference between the average surface roughness of an everolimus coated disc with no
plasma (0 V) and everolimus coated disc with plasma at 90 V (p = 0.126), indicating that

the morphology was not affected by the deposition of the everolimus coating.
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Figure 37: AFM scans of (A) wet deposited everolimus on a titanium disc and (B) plasma

deposited (90 V) everolimus on a titanium disc.

Table 13: Atomic force microscopy results of a blank titanium disc, everolimus coated
disc without plasma (0 V) and with plasma (90 V). Data is expressed in nm and represents
+/- standard deviation, n= 3.

Blank Ti disc Everolimus 0 V Everolimus 90 V
Average 72 £9nm 77 £11 nm 90£7nm
surface
roughness

4.2 Coating Study 1: evaluating everolimus coated samples using HPLC

Method 1.

4.2.1 (Method 1) Establishment of a RP- HPLC method for everolimus

detection and quantification

The RP-HPLC method 1 is described in Table 10. This method was evaluated for its

ability to detect and quantify everolimus. The everolimus standard (1 mg/mL) eluted at

approximately 7.5 minutes, displaying its characteristic tautomer peak (Figure 38).
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Figure 38: Representative chromatogram for 1 mg/ mL everolimus standard run using the RP-
HPPLC method for study 1, (Method 1). Elution of everolimus at 7.4 minutes.

Next, the linearity of the UV response with changes in everolimus concentration was
determined. A linear regression analysis of everolimus standards over the concentration
range of 5 pg/ mL -250 pg/ mL showed an excellent linearity with an R? value of 0.9998
(Figure 39). This method had a limit of detection (LOD) of 3.01 pg/mL and a limit of
quantification (LOQ) of 9.11 pug/mL. This method was applied to analyse the eluted

everolimus from titanium discs, which were coated according to the parameters in Study

1 (Table 7).
LOD = 3.3x0
s
Table 14: LOD calculation for HPLC method 1.
LOD Value in calculation

3.3 | Constant 3.3

c Standard deviation of response 9.55

S S = Slope of the calibration curve 10.487
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10x o

LOQ =
0Q S

Table 15: LOQ calculation for HPLC method 1.

LOQ Value in calculation
10 | Constant 10
c Standard deviation of response 9.55
S S = Slope of the calibration curve 10.487

Linear Regression Analysis of 5 pg/mL- 250pug/mL Everolimus, n=3
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Figure 39: Linear regression of HPLC peak area of everolimus standards against concentration
over the range 5- 250 pg/mL.

4.2.2 (Method 1) Quantification of everolimus deposited on coated discs.
Titanium samples were coated with a 10 mg/mL everolimus solution using two methods:
wet deposition without plasma (0 V) and plasma deposition at 90 V. The effect of adding
BHT at 5% and 10% to the everolimus coatings was also studied. Table 16 shows the
everolimus concentration recovered from both sides of the titanium discs (3.54 cm?
surface area). The expected concentration per 1 mL sample was 40 pg based on two discs,
i.e. 20 ug per disc. The deposition rate calculations for the BioDep™ plasma unit are
outlined in Table 8. Recovered concentrations ranged from 10 + 2 ug to 19 + 2 ug per

disc.
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Table 16: Quantification of the average found concentration of everolimus (ug/disc) £
standard deviation of samples deposited with no plasma (0V), or with plasma at 90 V.

The inclusion of BHT at 5% and 10% w/w was also investigated, n=3.

Everolimus coating solution Average mass RSD Percentage

10 mg/ mL calculated % theoretical mass
(Mg/disc)

ov 14+2 13% 72% £ 9%

90V 14+2 15% 69% + 10%

5% BHT 0V 19+1 8% 93% + 6%

5% BHT 90 V 10+£2 24% 50% + 12%

10% BHT 0V 12+6 49% 58% + 28%

10% BHT 90 V 13+4 27% 66% + 18%

A visual representation of the everolimus mass (ug/disc) detected in each sample can be

seen in Figure 40, with the red line representing the theoretical concentration expected

(20 pg/disc). Variability in the deposition efficiency of the BioDep™ unit explains the

error bars extending above this theoretical value.

20

Everolimus concentration {pg/disc)

I Everolimus coated discs

oV + 10%

15
10
5

0V + 5% 90V +5%

90V + 10%

== Theoretical concentration of everolimus deposited using BioDep (pg/disc)

Figure 40: Average everolimus mass eluted (pg/disc) + standard deviation, deposited on
samples coated by (i) wet deposition (0V) (ii) plasma deposition (90 V) and (iii) with the
addition of 5% or 10% BHT. The theoretical everolimus mass per disc is represented by the red
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Each sample was compared to the theoretical mass per disc. The highest recovery (94%)
was observed for wet deposited everolimus with 5% BHT (19 + 2 pg/disc). However,
recovery from the plasma deposited (90 V) sample dropped 50% (10 = 2 pg/ disc). Wet
deposited everolimus with 10% BHT had a lower recovery than without BHT (58%, 12
+ 6 pg/ disc). Plasma deposition (90 V) with 10% BHT had an improved recovery (66%,
13 £+ 4 pg/ disc). Everolimus without BHT had high recoveries for both wet deposited
(71%) and plasma deposited (69%). High variability indicated by the error bars,
especially for 5% BHT, suggests inconsistent coating efficiencies. No statistically
significant effects were found for deposition method (p = 0.119) or BHT concentration
(p = 0.54). However, an interaction between plasma voltage and BHT concentration was
significant (p = 0.033), prompting further analysis with Tukey post-hoc analysis. Tukey
tests concluded there was no statistically significant effect between voltage and
concentration on BHT. There was no overall effect of either factor, but there is a
crossover effect, which means the effect of the BHT on the concentration of everolimus

found is opposite, depending on the voltage used for deposition (119).

During sample analysis, the retention time of the drug gradually shifted with each run,
which had not occurred during method validation. Although there was no sample
carryover and injection washes were effective, the retention time still shifted, with
everolimus eluting earlier each time. Despite this, the peak shape remained consistent.
However, issues arose when the proposed drug peak started eluting between 3-4 minutes,
as smaller peaks were present here. As a result, a second HPLC method (Method 2) was

developed and used in Study 2, with adjusted coating parameters (Table 8).
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4.3 Coating Study 2: evaluating everolimus coated samples using HPLC

Method 2.

4.3.1 (Method 2) Establishment of a RP- HPLC method for everolimus

detection, and quantification.

A second HPLC method was implemented due to the lack of reliability of the RP-HPLC

method in Study 1 (Method 1), which resulted a drift in retention times during sample

analysis. To address this, the RP-HPLC method was modified to improve reliability.

Additionally, it was also decided to increase the concentration of everolimus deposited

(to 20 mg/mL), as well as adjusting the coating parameters to optimise drug loading onto

the discs. Further, with adjustments to the BioDep™ coating parameters (Table 7), Study

2 resulted in improved changes in the everolimus concentration deposited (Table 8).

Samples were analysed using HPLC Method 2 (Table 10).

Employing the amended RP-HPLC method the everolimus standards eluted between

12.04 and 12.95 minutes and had the tautomer peak shape, Figure 41.
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Figure 41: Representative everolimus standard (500 ug/ mL) chromatogram, peak
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The everolimus sample subjected to thermal degradation eluted at 12.5 minutes without
the formation of new peaks or the loss or alteration of existing ones (Figure 42). This
suggests that the ‘degraded’ sample was not actually degraded, and that everolimus is

more stable than initially anticipated.
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Figure 42: Thermally degraded everolimus (500 ug/mL) with everolimus peak eluting at 12.5
minutes similar to everolimus standard which did not undergo thermal degradation.

A calibration curve for determining everolimus concentration in samples was prepared
over the range of 5- 500 pug/mL, and yielded an R? value of 0.9999 (Figure 43). It is
important to note the differences in the limits of detection (LOD) and quantification

(LOQ) compared to HPLC Method 1, as outlined in Table 19.

3.3x0

LOD =
S

Table 17: LOD calculation for HPLC method 2.

LOD Value in calculation
3.3 | Constant 3.3
c Standard deviation of response 2
S S = Slope of the calibration curve 67.221

62| Page



LOQ =

Table 18: LOQ calculation for HPLC method 2.

10x o
S

Chapter 4 Results

LOQ Value in calculation
10 | Constant 10
c Standard deviation of response 2
S S = Slope of the calibration curve 67.221

Linear regression analysis of 5 pg/mL - 500 ug/mL Everolimus, n=3.
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Figure 43:HPLC Method 2 linear regression of everolimus standards in the range 5-500 pg/ mL
used for analysis of samples in Study 2. Data represents the average peak area (mAU) and
standard deviation of each standard, n=3. Note: the error bars are so small they are not visible.

Table 19: The improvement in LOD and LOQ in HPLC Method 2 in comparison to HPLC

Method 1.
Parameter HPLC Method 1 HPLC Method 2 Difference
LOD 3.01 pg/mL 0.098 pg/mL 2.91 pg/mL
LOQ 9.11 pg/mL 0.30 pg/mL 8.81ug/mL
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4.3.2 (Method 2) Quantification of everolimus mass eluted from wet coated
discs (0 V) and plasma coated discs (90 V).
In the second coating study, modifications to the formulation method and process
parameters were implemented to address the low levels of coating deposition observed in
Study 1. The concentration of everolimus in the coating solution was increased from 10
mg/mL (Study 1) to 20 mg/mL. Titanium samples were coated with a 20 mg/mL
everolimus solution using different deposition methods: wet deposition with no plasma

(0 V), and plasma deposition at 90 V. The impact of adding BHT at 5% and 10% to the

everolimus coatings was also investigated. All samples were analysed in triplicate (n=3).

Table 20: Average everolimus mass (ug/ disc) + standard deviation eluted from discs
which were coated with everolimus and various levels of BHT (0%, 5%, 10%), via wet
deposition (0 V) and plasma deposition (90 V) (n=3).

Everolimus coating Average mass RSD Percentage theoretical
solution calculated % mass
(20 mg/ mL) (Mg/ disc)
oV 65 + 13 19% 62% + 12%
90V 47+ 4 8% 45% + 4%
5% BHT 0V 37+5 14% 35% + 5%
5% BHT 90 V 58 £ 4 6% 55% + 3%
10% BHT 0V 67+1 3% 64% + 1%
10% BHT 90 V 59+8 14% 56% + 7%

The theoretical mass of everolimus deposited per disc was determined to be 105 ug based
on deposition rate calculations for the BioDep™ unit (Table 8). The average recovered
concentrations of everolimus per disc ranged from 37 + 5 pg to 67 + 1 pg. In Figure 44,
the theoretical concentration of everolimus deposited (105 pg/disc) is represented by a
red line, allowing comparison with the recovered concentrations. Plasma deposition
resulted in a decrease in the recovered everolimus concentration, from 65 pg (0 V) to 47
pg (90 V). However, the presence of 10% BHT preserved everolimus, with 58 ng

recovered with plasma (90 V) and 67 pg without plasma (0 V). The addition of 5% BHT
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also led to a slight increase in recovery to 58 pg for plasma deposited samples. A two-
way ANOVA revealed that the voltage (0 V vs 90 V) did not significantly affect the
everolimus concentrations recovered (p = 0.57). However, the concentration of BHT had
a significant effect (p = 0.006), and a significant interaction was observed between voltage
and BHT concentration (p = 0.008). Tukey post-hoc analysis was conducted to explore

this interaction further.

The difference in everolimus concentration between the wet deposition at 0% BHT and
5% BHT was significant, with the 5% BHT sample yielding a lower concentration. A
significant difference was found between 5% and 10% BHT at 0 V. A significant
difference occurred at 5% BHT, where 90 V yielded a higher everolimus concentration.
This result was unexpected, as it was hypothesised that BHT would have a positive effect
regardless of voltage. It is possible that the 5% BHT sample at 0 V experienced issues
with drug loading or elution. Notably, the concentration difference between 0 V and 90
V at 0% BHT was close to the critical value (q = 4.54), suggesting that a larger study may

help confirm this finding. These results are summarised in Table 33.
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Figure 44: Average everolimus mass eluted (ug/ disc) £ standard deviation, samples coated by
(i) wet deposition (OV) (ii) plasma deposition (90 V) and (iii) with the addition of 5% or 10%
BHT. The theoretical mass per disc is represented by the red line (105 pg/ disc).

4.3.3 (Method 2) Analysis of everolimus degradation (tautomer peak ratio)
eluted from wet coated discs (0 V) and plasma coated discs (90 V).
The extent of everolimus degradation was assessed by evaluating the peak area of the

everolimus tautomer peak as a percentage of the total peak area of all other chromatogram
peaks. Degradation was defined as a reduction in the tautomer peak area, coupled with an
increase in the areas of other peaks or the appearance of new peaks. The average percent

tautomer for each sample and standard is presented in Table 21.
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Table 21: Average percentage everolimus tautomer peak + standard deviation, present in
various everolimus samples and standards (500 pg/mL).

Sample Average Relative Standard
everolimus Deviation between
tautomer peak + samples
standard
deviation
500 ug/mL everolimus standard 98 + 0.31% 0.31%
500 ug/mL everolimus degraded 95 + 0.40% 0.43%
20 mg/mL everolimus 0 V 95 + 0.58% 0.61%
20 mg/mL everolimus 90 V 93 +1.16% 1.25%
20 mg/mL everolimus 0V + 5% BHT 94 +0.29% 0.31%
20 mg/mL everolimus 90 V + 5% BHT 94 + 0.40% 0.43%
20 mg/mL everolimus 0V + 10% BHT 94 + 0.40% 0.43%
20 mg/mL everolimus 90 V + 10% BHT 93 + 0.06% 0.06%

A visual representation of these percentages is shown in Figure 45, where a red line at 98
+ 0.31% indicates the tautomer percentage for the 500 ug/mL everolimus standard, which
reflects the 98% purity of the everolimus sample sourced from Kemprotech Ltd (Table
6). In contrast, the blue bars represent the various samples, including the thermally
degraded 500 pg/mL control. As depicted in Figure 45, all samples deposited through the
BioDep™ system, as well as the ‘degraded’ control, exhibited a lower everolimus
tautomer peak percentage compared to the everolimus standard. However, initial RP-
HPLC analysis with HPLC Method 2 (section 4.3.1), suggested that the thermally

degraded sample did not undergo significant changes.
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Figure 45: Average everolimus (20 mg/mL) tautomer peak percent + standard
deviation, present in various eluted samples coated by (i) wet deposition (0V) (ii)
plasma deposition (90 V) and (iii) with the addition of 5% or 10% BHT. A 500 ug/mL
degraded everolimus control is also present, while the average tautomer peak percent
in an everolimus standard (500 ug/mlL) is represented by the red line.

A paired t-test revealed that forced degradation had a statistically significant effect on
the percent tautomer peak compared to the non- degraded 500 pg/mL standard (t-stat =
35.53, t-crit= 2.92). A two-way ANOVA was conducted to assess differences in the
percent tautomer peaks among the coated samples. The deposition method (0 V or 90
V) had a statistically significant effect on the percent tautomer (p = 0.036), while the
BHT concentration did not (p = 0.546). However, a significant interaction between
voltage and BHT concentration was observed (p = 0.013), suggesting that the effect of
voltage on the percent tautomer was dependent on the BHT concentration used. Given
this interaction, a Tukey post-hoc analysis was performed to examine specific group

differences, this data is summarised in

Table 35 (Supplementary information), with no statistically significant difference

present.
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The degraded sample proved more resistant to degradation than anticipated, indicating
that everolimus is more stable than previously thought. No new peaks were observed, nor
were any peaks lost in the thermally degraded everolimus sample when compared to the
standard, suggesting the everolimus did not undergo measurable degradation, and a new

approach to preparing a degraded control is needed.
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5 Discussion
The outcomes of this research provide valuable insights into the use of a cold atmospheric

plasma (CAP) system for deposition of everolimus coatings onto titanium substrates as
well as the evaluation of drug loading. To our knowledge, this is the first ever time that
the active pharmaceutical ingredient (API) everolimus has been successfully deposited
using a cold atmospheric plasma (CAP) system. Historically, the primary methods for
coating drugs like everolimus have been spray coating, dip coating and plasma enhanced
chemical vapour deposition (PECVD) (120,121). While PECVD uses a lower
temperature, it requires more controlled environments compared to CAP, which can be

performed at atmospheric pressure and room temperature (120).

This study successfully demonstrated the deposition of everolimus onto titanium discs
using the BioDep™ system, and was characterised using an experimental methodology,

which are outlined in Figure 46.
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Figure 46: Flow-chart summarising the experimental methodology of this research.

The main aims of this research were achieved: to deposit everolimus using the BioDep™
system, to characterise the coatings using a range of analytical techniques, and to develop
an effective HPLC method for quantifying the everolimus coating. The successful
deposition of everolimus onto the titanium substrates was shown by coating rings in
polarised white light imaging and confocal imaging. Characterisation of the everolimus
coatings using AFM, FTIR, Raman, DUV, and WCA provided key insights into the
uniformity and efficiency of the coating. Notably, the deposition process used to deposit

everolimus did not significantly affect the surface topography of the substrates, AFM

71| Page



Chapter 5 Discussion

indicated that the surface roughness remained consistent across both wet and plasma
deposited everolimus. Water contact angle (WCA) results indicated that the coating
procedure altered the titanium surface chemistry and resulting in an overall increase in
surface hydrophilicity. Minor differences in WCA were noted between coating
procedures and coating with and without BHT, however, these differences may be

attributed to the variability in coating coverage observed by chemical image analysis.

Raman spectroscopy and DUV analysis confirmed the successful deposition of
everolimus onto the titanium substrates, although lower intensities of the characteristic
1640 cm™ Raman peak suggested a lower concentration of everolimus compared to the
pure drug powder, which is expected. DUV mapping confirmed the drugs presence but
indicated some variability in deposition efficiency. There were no significant signs of
degradation, whether due to plasma exposure or oxidation, as reported in similar studies

(122). However, further optimisation is necessary to ensure consistency across samples.

For quantification, a reverse phase HPLC (RP-HPLC) method was validated (Method 1)
based on the Ph. Eur. Monograph (106). While the method was stable during validation,
issues such as retention time drift led to inaccuracies during sample analysis, suggesting
a revision of the RP-HPLC (Method 2). In parallel, it was decided to optimise the coating
study to try and increase the amount deposited. Consequently, in order to increase the
concentration of everolimus on the disc from 20 pg/disc (Study 1) to 105 pg/disc (Study
2), the concentration of everolimus in the coating solution was doubled and the coating
parameters were optimised, leading to the coating research being sub-classified into

coating Study 1 and Study 2.
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In the RP-HPLC analysis of coated discs (Method 2), everolimus concentrations on the
discs ranged from 37 + 5 to 67.1 pg/disc, with the highest percent recovery of 64%.
Statistical analysis revealed that the deposition method (0 V or 90 V) did not significantly
impact drug recovery, though the concentration of BHT did (Table 33). Specifically, a
significant difference was observed between 0% and 5% BHT at 0 V, where the 5% BHT
group had a lower concentration of everolimus. Additionally, at 90 V, the samples with
5% BHT led to a higher drug recovery compared to those at 0 V. The interaction between
deposition method and BHT concentration was statistically significant, indicating that
their combined effect influences drug recovery. The only statistically significant
interactions consisted of the wet deposit (0 V) with 5% BHT. This result was unexpected,
as BHT was hypothesised to enhance recovery and not hinder it, especially during wet
deposition. These findings suggest potential issues with drug loading or elution efficiency

for the 5% BHT wet deposits (0 V) requiring investigation.

Everolimus tautomer peak as a percentage of overall peak area was determined as an
indicator of its chemical stability after coating. There were no statistically significant
differences in the everolimus tautomer peak percentages between samples, whether
deposited with or without plasma, regardless of BHT concentration. This indicates that
the plasma deposition process did not alter the everolimus. However, there was a
significant difference in everolimus concentration (ug/disc) detected for wet deposition
with 5% BHT compared to other groups. Since the tautomer peak percentages were
consistent across samples, the concentration variations (0 V, 5% BHT) are likely due to

drug loading or elution issues rather than degradation.

It should be noted due to time constraints, RP-HPLC Method 2 for quantifying samples

in Study 2 was not validated which is a limitation of the study. Despite this limitation, the
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overall characterisation studies provide a strong foundation for future research focused

on optimising everolimus deposition and improving drug elution from substrates.

Overall, the findings indicate that while the BioDep™ system can effectively deposit
everolimus onto titanium substrates, further optimisation of the deposition process is
necessary to improve the consistency of drug loading and recovery. Plasma deposition
(90 V) yielded results comparable to wet deposition (0 V), with both methods depositing

between 35 pg and 65 pg of everolimus per disc.

These findings position both methods as viable candidates for future research on medical
device coatings, such as drug-eluting stents. Future research should focus on optimising
the coating method to ensure higher and more consistent drug deposition onto the
samples. Investigating liquid flow rate from the syringe pump may help identify potential
errors in flow control, while studying evaporation levels could provide insights into how
the solution might change during the coating process. Additionally, increasing the
concentration of the everolimus solution and further slowing the coating speed could
ensure more uniform coverage of the titanium discs. Given the successful deposition of
everolimus using the BioDep™ system, there are several avenues for refining the coating

process.

The drug recovery study also presents opportunities for optimisation. Future studies could

examine:

e The validation of the recovery method through the use of spiked samples,
e Whether any residual drug remains on the discs after elution or possibly on the

acrylic tube of the BioDep™ unit after coating,

In parallel, it would be important to investigate the temporal release of everolimus over

specific time intervals.
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As this research progresses, it could eventually lead to cell culture studies to evaluate the
biological effects of the everolimus coating. Cells lines such as HepG2 or HUVEC could
be used to investigate cytotoxicity or other relevant biological responses to the coated

samples.
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6 Conclusions
This study successfully demonstrated the deposition of everolimus onto titanium

substrates using the BioDep™ cold atmospheric plasma (CAP) system, marking a
significant advancement in drug coating technologies. The deposition was confirmed by
Raman spectroscopy, DUV mapping, and RP-HPLC analysis, with results showing
comparable drug recovery between wet deposition (0 V) and plasma deposition (90 V).
The successful deposition of drug that showed no evidence of degradation highlights the
viability of the CAP process for pharmaceutical applications. Despite some variability in
drug concentration and recovery, the absence of significant surface morphology changes
(as indicated by AFM analysis) support the effectiveness of the plasma deposition.
However, further optimisation is required, particularly regarding the drug loading
efficiency, and further investigation into the role of BHT in reducing its degradation.
These findings provide a strong foundation for future research aimed at enhancing the
consistency and efficiency of everolimus coatings, especially in the development of drug

eluting stents and other medical devices.
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7 Learning outcomes
Throughout this research, I gained extensive knowledge and skills through presentations,

training sessions, and on-on-one interactions with lecturers, as well as by presenting my
own findings through posters and oral presentations. Working with TheraDep Ltd
provided access to state-of-the-art facilities and experts in plasma deposition, enhancing

my understanding of the unique systems and techniques employed in this field.

The primary goal of my research was to develop a deposition process for coating
everolimus onto titanium discs, conduct comprehensive surface characterisation using
advanced analytical techniques, and establish a HPLC method to quantify everolimus
loading and elution. The results demonstrated successful deposition and detection of

everolimus using RP-HPLC.

During this process, | significantly developed my research and technical skills,
particularly in surface characterisation using AFM, FTIR, WCA, RP-HPLC, and
interpreting Raman spectroscopy, and DUV mapping. Learning to operate new
characterisation equipment broadened my technical expertise and enabled me to interpret
data more comprehensively. I also built upon my undergraduate knowledge of HPLC,
learning to develop and optimise a method specifically tailored to the detection and

quantification of an active pharmaceutical ingredient (API).

My understanding of method validation and optimisation deepened through the
challenges associated with developing an effective HPLC method. Additionally, I gained

an insight into industry standard methods for coating stents with pharmaceutical agents.

Throughout this research, | demonstrated several key learning outcomes. | enhanced my
critical thinking and problem-solving skills by adapting to unforeseen challenges and

devising innovative solutions. Meeting strict deadlines required effective time
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management, allowing me to balance experimental work with tight schedules. These
experiences improved my ability to prioritise tasks, manage workloads, and maintain a

high standard of work under pressure.

Overall, this research has strengthened my technical abilities, problem solving, time
management, and adaptability. These outcomes not only contributed to the successful
completion of my thesis but have also prepared me for future challenges in both research

and industry settings.
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9 Supplementary information.
9.1 Supplementary tables

9.1.1 HPLC Method 1: Inter- day and intra- day precision results.
Table 22: HPLC Method 1-Inter-day precision (n=3) for method validation of the RP- HPLC
used in study one, before issues arose with retention time.

Theo Conc. Average Peak Area Standard RSD
(Mg /mL) (MAu) deviation (%)
1000.0 10696.52612 14.79 0.138
500.0 5088.72942 1.79 0.035
250.0 2571.66507 15.89 0.618
100.0 1095.987497 0.12 0.011
50.0 536.97211 0.51 0.096
25.0 273.3515833 0.17 0.061
10.0 113.1744467 1.70 1.498

5.0 51.66536 0.27 0.528

Table 23: HPLC Method 1-Intra-day precision (n=3) for method validation of the RP- HPLC
used in study one, before issues arose with retention time.

Theo Conc. Average Peak Area | Standard deviation RSD
(Kg /ml) (MmAu) (%)
1000.0 10878, 216 1.98
500.0 5446 265 4.87
250.0 2618 49 1.88
100.0 1039 41 3.90
50.0 492 33 6.62
25.0 254 15 5.96
10.0 110 6 5.77
5.0 5 9.55
52
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9.1.2 HPLC Method 2 results.
Table 24: RP-HPLC analysis of everolimus standards for the construction of a calibration
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curve
Standard Peak area Average Standard
(ng/ mL) (mAU) deviation
1 2 3
500 33684.00 33425.04 33237.78 33448.9 224
250 16844.04 16962.66 16927.70 16911.5 61
125 8536.01 8367.97 8425.24 8443.1 85
100 6835.90 6514.08 6559.59 6636.5 174
50 3143.57 3131.21 3116.50 3130.4 14
25 1705.31 1556.85 1681.60 1647.9 80
10 552.42 592.52 597.93 581.0 25
5 256.43 254.87 252.58 254.6 2

Table 25: Linear regression analysis, calculation of estimated concentrations, standard
deviation, RSD and percent accuracy.

Theo Conc. Run Measured Conc. Mean STD  %RSD Accuracy  Mean STD
1 235.1022 94.04

250.00 2 237.6501 239.387 5.368 224 95.06 95.75 2.15
3 245.4085 98.16
1 99.7686 99.77

100.0 2 91.4111 94.575 4.5336 4.79 91.41 94.57 453
3 92.5444 92.54
1 48.5016 97.00

50.0 2 416295 44361 3.6465 822 83.26 88.72 7.29
3 42.9512 85.90
1 243251 97.30

25.00 2 20.9338 22559 1.700 7.54 83.74 90.24 6.80
3 22.4179 89.67
1 9.6354 96.35

10.0 2 8.5750 9.373 0.7046 7.52 85.75 93.73 7.05
3 9.9091 99.09
1 3.9944 79.89

5.00 2 3.5823 4.001 0.422 10.55 71.65 80.02 8.4
3 4.4264 88.53
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9.1.3 Statistical analysis
Table 26: One-way ANOVA test carried out on AFM surface roughness of blank titanium
discs, everolimus coated discs without plasma (0V) and with plasma (90V) with a
significance level of 0.05- study one.

Source of variation SS df MS F P- value F crit

Between groups 520.186 2 260.093 2.986 0.126 5.143

Table 27: Two- way- ANOVA analysis of WCA results to assess the effect of deposition
type, and use of BHT on WCA results of everolimus coated discs- study one.

ANOVA

Source of Variation SS df MS F P-value F crit
Sample 264.70088 1 264.7009 7.923877 0.012452 4.493998
Columns 203.522 1 203.522 6.092474 0.025231 4.493998
Interaction 53.00768 1 53.00768 1.586796 0.22585 4.493998
Within 534.48764 16 33.40548
Total 1055.7182 19

Table 28: Two- way ANOVA carried out to analyse the effect of deposition type and use of
BHT on average everolimus concentration found (ug/ disc)- study one.

ANOVA

Source of Variation SS df MS F P-value F crit
Sample 28.37556 1 28.37556 2.821648 0.118826 4.747225
Columns 13.01941 2 6.509706 0.647321 0.540789 3.885294
Interaction 92.59214 2 46.29607 4.603653 0.032823 3.885294
Within 120.6765 12 10.05638
Total 254.6636 17
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Table 29: Tukey statistical test; Everolimus concentration recovered from samples coated
by wet deposition (0 V), plasma deposition (90 V) and with various concentrations of BHT
(0%, 5% 10%). Tukey critical value = 4.75 (k=6, df=12).

Group 1 Group 2 q Significance
0V, 0% BHT 0V, 5% BHT 2.42 Not SSD
0V, 0% BHT 0V, 10% BHT 1.46 Not SSD
0V, 5% BHT 0V, 10% BHT 3.87 Not SSD
0V, 0% BHT 0V, 5% BHT 2.08 Not SSD
0V, 0% BHT 90V, 10% BHT 0.27 Not SSD
0V, 5% BHT 0V, 10% BHT 1.81 Not SSD
0% BHT OV 0% BHT 90 V 0.25 Not SSD
5% BHT OV 5% BHT 90 V 4.74 Not SSD
10% BHT 0 V 10% BHT 90 V 0.94 Not SSD

Table 30: Two- way ANOVA carried out to analyse the effect of deposition type and use of

BHT on average everolimus concentration found (ug/ disc)- study two.

ANOVA

Source of Variation SS df MS P-value F crit
Sample 16.05556 1 16.05556 0.348193 0.566084 4.747225
Columns 739.1111 2 369.5556 8.014458 0.006158 3.885294
Interaction 1253.778 2 626.8889 13.59518 0.000824 3.885294
Within 553.3333 12 46.11111
Total 2562.278 17

Table 31: One- way- ANOVA carried out to analyse the effect of degradation on the
average percent tautomer peak (%) of an everolimus standard (500 pg/ mL)- study two.

ANOVA

Source of Variation

SS

daf

P-value Fcrit

Between Groups
Within Groups

Total

14.72666667
0.513333333

15.24

1 14.72667 114.7532 0.00043 7.708647

4 0.128333
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Table 32: Two- way ANOVA carried out to analyse the effect of deposition type and use of
BHT on average percent tautomer peak of everolimus samples (%)- study two.

ANOVA

Source of Variation SS df F P-value F crit
Sample 1.933889 1 1.933889 5.551834 0.036299 4.747225
Columns 0.443333 2 0.221667 0.636364 0.546168 3.885294
Interaction 4.467778 2 2.233889 6.413078 0.012754 3.885294
Within 4.18 12 0.348333
Total 11.025

Table 33: Tukey statistical test: Everolimus mass (pg/ disc) recovered from samples
coated by wet deposition (0 V), plasma deposition (90 V) and with various concentrations
of BHT (0%, 5% 10%). Tukey critical value = 4.75 (k=6, df=12), Table 29.

Group 1 Group 2 Significance

0V, 0%BHT 0V, 5% BHT 7.10 SSD

0V, 0%BHT 0V, 10% BHT 0.48 Not SSD
0V, 5% BHT 0V, 10% BHT 7.56 SSD

90V, 0% BHT 90V, 5% BHT 2.71 Not SSD
90V, 0% BHT 90V, 10% BHT 2.92 Not SSD
90V, 5% BHT 90V, 10% BHT 0.21 Not SSD
0% BHT OV 0% BHT 90 V 4.54 Not SSD
5% BHT OV 5% BHT 90 V 5.27 SSD

10% BHT 0 V 10% BHT 90 V 2.10 Not SSD
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Table 34: One-way- ANOVA test carried out on the everolimus standard (1 mg/ mL) and
degraded everolimus standard (1 mg/ mL) analysing average peak tautomer- study two.

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 520.186 2 260.0929861 2.985862 0.125888 5.143253
Within Groups 522.6491 6 87.10817811
Total 1042.835 8

Table 35: Tukey statistical test; Everolimus tautomer peak detected from samples coated
by wet deposition (0 V), plasma deposition (90 V) and with various concentrations of
BHT (0%, 5% 10%). Tukey critical value = 4.75 (k=6, df=12).

Group 1 Group 2 q Significance
0V, 0%BHT 0V, 5% BHT 2.64 Not SSD
0V, 0%BHT 0V, 10% BHT 1.47 Not SSD
0V, 5% BHT 0V, 10% BHT 1.17 Not SSD
90V, 0% BHT 90V, 5% BHT 411 Not SSD
90V, 0% BHT 90V, 10% BHT 0.29 Not SSD
90V, 5% BHT 90V, 10% BHT 3.81 Not SSD
0% BHT OV 0% BHT 90 V 4.69 Not SSD
5% BHT OV 5% BHT 90 V 2.05 Not SSD
10% BHT 0 V 10% BHT 90 V 2.93 Not SSD
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9.2 Extended data and results
9.2.1 Quantum cascade laser analysis (QCL)

The QCL analysis spectra is shown in Figure 47, for both the wet deposited everolimus
and plasma deposited everolimus, which indicates that both coatings are similar. This
analysis shows no obvious changes between the drug coatings with and without the use
of plasma. The most dominant peak demonstrated by both the wet and plasma deposited
everolimus is indicated between 1590 cm™ to 1650 cm™. Since QCL is IR absorption

similar to FTIR, peaks within this range are indicative of C=C stretching (111).

T T T T T T T T T T

——Wet deposit | 10
—— Plasma deposit|

T T T T T T T T T T T T T
1300 1400 1500 1600 1700 1800 1900

Figure 47: QCL Spectral response of everolimus wet deposited (0 V) and Everolimus plasma
deposited (90 V).

Figure 48 shows the QCL images of everolimus coatings deposited on titanium discs by
both the plasma (90 V) and the wet chemical process (0 V). The red colour represents the
background from the disc, while the yellow spots are indicative of the everolimus drug
coating. From the comparison, it is evident there is no huge variation or changes between
samples when plasma was introduced. This is summarised previously in the spectral

response in Figure 47.
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Figure 48: QCL image of everolimus deposited by (A) plasma 90 V and (B) wet deposition 0 V.

9.2.2 HPLC Method 2- Representative chromatograms for everolimus
standards- study two.
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Figure 49: Representative chromatogram for the 500 ug/ mL everolimus standard run at the
end of sequence to confirm retention time had not shifted, and also for comparison to
‘degraded’ everolimus.
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Figure 50: Representative chromatogram for the 250 ug/ mL everolimus standard run at the
end of sequence to confirm retention time had not shifted.
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Figure 51: Representative chromatogram for the 7100 ug/ mL everolimus standard run at the
end of sequence to confirm retention time had not shifted.
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Figure 52: Representative chromatogram for the 50 ug/ mL everolimus standard run at the end
of sequence to confirm retention time had not shifted.
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Figure 53: Representative chromatogram for the 25 ug/ mL everolimus standard run at the end
of sequence to confirm retention time had not shifted.
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Figure 54: Representative chromatogram for the 10 ug/ mL everolimus standard run at the end
of sequence to confirm retention time had not shifted.
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Figure 55: Representative chromatogram for the 5 ug/ mL everolimus standard run at the end
of sequence to confirm retention time had not shifted.

9.2.3 HPLC Method 2- Representative chromatograms for everolimus coated
samples- study two.
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Figure 56: Representative chromatogram for everolimus OV coated sample, eluted after 2 hr in
acetonitrile. Note, peak at 7 minutes was determined to be contamination due to polystyrene
and acetonitrile interaction.
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Figure 57: Representative chromatogram for everolimus 90 V coated sample, eluted after 2 hr
in acetonitrile. Note, peak at 7 minutes was determined to be contamination due to polystyrene
and acetonitrile interaction.
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Figure 58: Representative chromatogram for everolimus 0 V + 5% BHT coated sample, eluted
after 2 hr in acetonitrile. Note, peak at 7 minutes was determined to be contamination due to
polystyrene and acetonitrile interaction.
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Figure 59: Representative chromatogram for everolimus 90 V + 5% BHT coated sample, eluted
after 2 hr in acetonitrile. Note, peak at 7 minutes was determined to be contamination due to
polystyrene and acetonitrile interaction.
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Figure 60: Representative chromatogram for everolimus 0 V + 10% BHT coated sample, eluted
after 2 hr in acetonitrile. Note, peak at 7 minutes was determined to be contamination due to
polystyrene and acetonitrile interaction.
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Figure 61: Representative chromatogram for everolimus 90 V + 10% BHT coated sample,
eluted after 2 hr in acetonitrile. Note, peak at 7 minutes was determined to be contamination
due to polystyrene and acetonitrile interaction.
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Figure 62: Representative chromatogram for acetonitrile left in a 6- -well plate. Note, peak at 7
minutes which was also observed in all coated samples which were eluted at 2 hours in a 6-well

plate.
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Figure 63: Representative chromatogram for acetonitrile left in a 6-well plate with a blank/
uncoated titanium disc. Note, peak at 7 minutes which was also observed in all coated samples
which were eluted at 2 hours in a 6-well plate. It was confirmed that all coated samples eluted

at 2 hours in 6- well plates had contamination form the interaction between the polystyrene

plate and acetonitrile.
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Figure 64: Representative chromatogram for everolimus coated disc, deposited with no plasma
oV).

200
180

160

20
0 — I A
0 1.4 238 4.2 56 7 84 9.8 11.2 12.6 14 15.4 16.8 18.2 19.6

Time
(minutes)

Figure 65: Representative chromatogram for everolimus coated disc, deposited with no plasma
(90V).
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0 14 2.8 4.2 5.6 7 8.4 9.8 112 126 14 154 168 182 196
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Representative chromatogram for everolimus coated disc with 5% BHT present,
deposited with no plasma (0V).
0 14 28 4.2 56 7 8.4 9.8 11.2 126 14 154 168 182 196
Time
(minutes)
Representative chromatogram for everolimus coated disc with 5% BHT present,

deposited with no plasma (90V).
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Figure 68: Representative chromatogram for everolimus coated disc with 10% BHT present,
deposited with no plasma (0V).
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Figure 69: Representative chromatogram for everolimus coated disc with 10% BHT present,
deposited with no plasma (90V).
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