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UV Vis spectrum following the electro-hydrolysis of salicylic acid from LIG
DMAP / DCC loaded with salicylic acid after applying -2 V in pH 5 BR buffer.

Madification of poly(anthranilic acid) (A) with salicylate (B).
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Figure 7.2.6.2 Cyclic voltammograms detailing the response of a LIG electrode towards

anthranilic acid in 0.1 M sulfuric acid. Scan rate: 50 mV/s.
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Abstract
Conventional controlled drug release methodologies largely centre around the encapsulation
of therapeutics within a polymer or gel, where the physiological conditions in which the delivery
vehicle is placed, results in their expulsion. The trigger is, more often than not, physio-chemical
(i.e., pH or temperature) which interacts with the smart material, releasing the loaded drug. As
of late, external stimuli have been explored (electrode potential, temperature, pH efc.) to
trigger the release of loaded therapeutics. In this work, an electrochemical trigger is employed,
which leads to the release of an attached drug, for use in the next generation of transdermal

smart patches.

The approach is based on conductive polymer nanocomposite microneedle arrays where the
conductivity is improved by anodisation, laser ablation and laser induced graphene. Following
the tuning of the conductivity, various chemical tethers are employed (i.e., ether and ester
bonds) which are broken following the application of an appropriate oxidative potential or

control of local pH.

The design and characterisation of the nanocomposite microneedle arrays, and chemical
tethers are described, and the release of model drugs validated electrochemically and by UV-
Visual spectrophotometry. The novel microneedle formulations are assessed for the degree of
conductivity they provide as well as their structural merits and the novel chemical tethers

critically appraised.
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Chapter 1

Overview

It has been long recognised that it would be advantageous in a number of clinical contexts for
drug delivery systems to autonomously control the delivery of therapeutic agents to patients
thereby circumventing issues related to poor adherence. This removes the burden from the
patient whilst offering independence to elderly people and those who suffer with chronic
conditions requiring regular medication. In addition, it has been proffered that the transdermal
route can deftly avoid the complications common to gastro-intestinal process such as
bioavailability, absorption efficiency and mucosal irritation. First pass metabolism can also be
overcome allowing the possibility of greater efficiency in the yield of the therapeutic. This
chapter briefly introduces the primary concerns associated with drug delivery, places the

research in context and summarises the aims and objectives of the project.



1.0 Introduction

The World Health Organisation (WHQO) defines the term adherence to long term therapy as:
“the extent to which a person’s behaviour — taking medication, following a diet and / or
executing lifestyle changes aligns with the agreed recommendations from a health care
provider” (1). Within discussions of adherence, it is important to appreciate the difficulty in
obtaining objective data as patients often over-estimate their level of adherence to therapies
(2). With that in mind, it is estimated that, in developed countries, rates of adherence are 26 -
60% (3), and even lower in developing countries due to inequalities in access to health care (4;
5). Adherence plays an important role in the clinical benefit of therapies and poor adherence

is the primary reason for suboptimal clinical benefit (1).

llinesses can be classified into different types such as acute (6), chronic (7), infectious and non-
infectious (8). Adherence is especially important for chronic diseases that in order to be
classified as such must meet one or more of the following characteristics: be permanent, leave
residual disability, be caused by irreversible pathological alteration, require special training of
the patient for rehabilitation or may be expected to require a long period of supervision,
observation or care (9). Common examples of chronic illnesses include asthma (10),
hypertension (11), diabetes (12), chronic obstructive pulmonary disease (COPD) (13) and
HIV/AIDs (14), and patients living with chronic conditions more often than not, display
difficulties in adhering to their recommended regimes resulting in poor management and

control of the illnesses (1; 5).

A high proportion of the elderly population suffer with chronic disease, and often multiple
conditions simultaneously known as comorbidities (15). A consequence of which is
polypharmacy, where patients have many treatment regimens to follow (16). For example, the
average geriatric patient takes 4 — 5 different medications a day and, in this instance,
adherence becomes difficult (17). During long term therapies, motivation to adhere to treatment
plans can become strained (18). Punnapurath et al., (2021) found that, of 100 geriatric patients,

44% had been on medicinal therapy for 5 — 15 years and many stopped taking their medication



early when symptoms had appeared to subside, rather than continuing to follow their health
care providers’ advice (19). Additional challenges elderly patients face is diminishing cognitive
and physical abilities like memory, hearing, vision, and movement. Thus, they can become

more reliant on external assistance and are less able to manage their own treatment (19).

Numerous chronic conditions require injections to manage their iliness, for example, patients
with type 1 diabetes must inject insulin and cancer patients often receive therapy via
intravenous lines. Subcutaneous and intravenous injections can provide rapid delivery of a
wide range of drugs, but these are predominantly administered by a trained professional (20).
One major drawback to this approach, is the spread of deadly bloodborne diseases like
hepatitis B, hepatitis C, syphilis, and herpes due to contaminated needlesticks, sharps or
splashes putting health care workers at risk (21). Moreover, needles are invasive causing pain,
bleeding, and bruising, which can exacerbate common fears and phobias and further impact
adherence to these therapies (22; 23; 24). A study by Rzeszut et al., (2011) found that 50 % of
children and teenagers with diabetes reported being highly stressed when administering their
insulin shots. This directly resulted in fewer endocrinology appointments, due to their
heightened anxiety surrounding treatment, inevitably impacting the management of their

condition (25).

Oral medication is the most common method of drug delivery due to its convenience and,
unlike injections, it is minimally invasive with little risk of infection or pain (26; 27; 28). The key
problem with oral medication is that it must pass through the gastrointestinal tract and be
absorbed in the small intestine. The latter is dependent on physiological factors that include
peristaltic movement within the intestine, pH, and the presence of food (26). High levels of
enzymes are present in the small intestine to metabolise drugs, which can result in their
inactivation markedly reducing the therapeutic yield. The extent of this is highlighted when
considering the HIV protease inhibitor saquinavir and immunosuppressant tacrolimus, which
are used to manage HIV. Upon ingestion they have been found to be only 20 % bioactive with,

as of yet, no alternative means of delivery (28). To ensure the molarity and bioavailability of



delivered drugs remains intact, avoiding the gastrointestinal tract is recommended, and thus,
transdermal approaches have been increasingly viewed as a more appropriate delivery route.
Transdermal drug delivery is the application of drugs topically to healthy, intact skin which
diffuses through the stratum corneum into the interstitial fluid and eventually the blood stream.
This can be explained by their minimally invasive nature, ease of use/application and their
ability to offer greater dose control. There are, however, a number of limitations in that: the
array of drugs that possess the niche characteristics that can enable penetration of the stratum
corneum are limited. For a drug to successfully diffuse through the skin it must be lipophilic,
small in molecular weight and highly potent. Hence, to expand this range, the stratum corneum
must be interrupted physically via either microporation or microneedles which create

microchannels for the drug to pass (23; 29; 30; 31).

Microneedles can be either single needles or needle arrays typically ranging from 300 to 900
pum in length, with diameters in the order of microns which can pierce the uppermost layer of
the skin. An example of a microneedle array is shown in Figure 1.0.1 alongside a conventional
hollow-bore needle (20). In contrast to subcutaneous injections, their miniature size allows
them to disrupt the stratum corneum without irritating nerve endings in the dermis, therefore,
causing no pain beyond the physical sensation of the patch being pressed onto the skin (22;

29).

Microneedles can be fabricated using a myriad of materials producing solid (32), dissolvable
(33), hollow (34) and swellable (35) arrays. Solid microneedles can be produced using metal like
stainless steel (36) or silicon (30) and are used simply to pierce the skin barrier. Drug delivery
can be accomplished via two different methodologies. The “poke and patch” method relies on
the addition of the drug to the skin after removal of the microneedle array. The microchannels
created by the microneedles allow the drug salve to diffuse into tissue layers (37). The
alternative approach is to coat the exterior of the microneedles with the drug such that the
latter is inserted directly into the tissue on penetration (38). Dissolvable microneedles are often

fabricated using biocompatible polymers or polysaccharides, whereby the needles dissolve



upon piercing the skin (39). In this case, the drug is usually incorporated into the microneedle
formulation at the time of manufacture. A similar methodology is employed with swellable
microneedles, whereby upon hydration the needles swell and expel immobilised drug (40).
Finally, hollow microneedles are like miniature hypodermic needles where drug is often
released from a reservoir upon piercing the skin (22; 29). These methods of drug delivery rely
on passive diffusion, which is initiated immediately upon the insertion of the needles with little
control over quantity and timing of drug release, therefore, fabricating microneedles that
exploit smart materials could allow for expulsion of drug following an external stimulus like
light (41), temperature (42) or voltage 43) which could be integrated into smart wearable

systems.

A

Figure 1.0.1 Example of a microneedle array A) compared to a hypodermic needle B) electron

micrograph of the array (20).

Smart wearable systems are becoming more widespread within the health sector, which
reduces the burden placed on patients when managing their therapy. They aim to support
independence for the elderly population and people with disabilities, by providing real time
data for health care professionals to monitor and adjust treatment in addition to notifying
compliance (44). Automated drug delivery systems are encompassed under the canopy of
smart wearable systems, where dose timing and frequency can be controlled, bettering

adherence to complex regimens and anxiety surrounding administration. Typically, automated



transdermal drug delivery systems consist of sensors, memory, electronic circuit, and the drug

delivery portion which can store data to be accessed by the patient or physician (45).

It could be anticipated that, through combining transdermal patches with smart wearable
systems, autonomous drug delivery can be achieved that can facilitate improvements in
adherence and offering patient friendly option to manage their therapy. Figure 1.0.2 is a
conceptual illustration of how microneedles could ultimately be incorporated into a wearable
system to control transdermal drug delivery. This combination of smart materials and
microneedles structures could also widen the range of molecules and drugs that can be
delivered through the stratum corneum. At the outset of the present investigation, it was hoped
that the work would provide the groundwork for a smart patch system that exploits microneedle
technology to control transdermal drug delivery via electrochemical stimulus. This thesis
documents the approaches taken, and the advances made to counter some of the problems

that current therapeutic methods face.

/ [ \ 200 ="
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Figure 1.0.2 lllustration of how a microneedle array could ultimately be incorporated into a wearable

smart watch capable of autonomously controlling the initiation and duration of drug release.



1.1 Aims and Objectives

The aim of this project was to investigate and develop novel methods of transdermal drug
delivery that could be employed into the design of a “smart patch”, that would allow the
controlled release or dosing of therapeutics. The focus of the research targeted microneedle
structures and sought to explore new concepts in their design and formulation, as well as new
drug release mechanisms. The core approach centred on electrical/electrochemical
transduction as the release mechanism and the challenge lay in developing new materials that

were consistent with microneedle fabrication, but which could enable the controlled delivery.

The objectives set out for the project were:

to design and characterise various microneedle compositions promoting high

conductivity and surface area;

e to characterise the surface morphologies of electrically conductive material and
optimise their electrochemical properties and drug loading abilities;

¢ to develop drug release models that act as a tether to a given drug that can be released
following the application of an appropriate potential;

¢ to optimise drug loading capabilities and increase yield of released drugs and;

e to assess the model’s ability to delivery drugs “on demand” and ability to provide

multiple doses/therapeutic agents.

1.2 Thesis Overview

Chapter 2 entitled “Literature Review” discusses the issues that traditional approaches like
oral medication and hypodermic needles face, and how these issues inspire research to help
solve them. It looks critically at emerging technologies detailing their advantages and

limitations in order to establish opportunities to develop the field further.

Chapter 3 entitled “Experimental Techniques and Methodology” outlines the scientific

principles through which the project is based, and details the experimental methods employed



throughout the project. It is important to note that specific additions to the various experimental

set-up are detailed in each chapter.

Chapter 4 entitled “Laser Ablation of Nanocomposite Microneedles for Enhanced
Electrochemical Performance Combined with Dual-layer Microneedle Approach using
Biocompatible and Dissolvable Array” investigates an alternative method to improve
electrochemical properties of polystyrene-carbon (Ps-C) microneedles (MN) by way of
electrochemical anodisation and laser ablation. Various techniques are used to assess the
suitability of the laser modification method such as cyclic voltammetry, Raman spectroscopy,
energy dispersive X-ray analysis (EDX) and scanning electron microscopy (SEM). In addition,
a multi-layered approach is investigated using cellulose acetate phthalate (CAP) microneedle
as means to create microchannels for interstitial fluid to access the laser modified microneedle

below for sensing and controlled drug delivery applications.

Chapter 5 entitled “Nanocomposite Microneedles Based on Cellulose Acetate Phthalate and
Carbon Nanoparticles Decorated with Laser Induced Graphene to Improve Electrochemical
Performance” investigates various laser induced graphene formations to be harvested and
added to cellulose acetate phthalate-carbon microneedles in order to improve their
electrochemical performance. Electrochemical analysis such as cyclic voltammetry and
square wave voltammetry are employed to test the response of the system to ferrocyanide
and uric acid retrospectively. Electron micrographs detail the morphology of the LIG formation
and illustrate the sharpness of the microneedle systems. As well as preliminary studies into
the biodegradability of CAP as a binder to address issues of waste generated by sharps using
blood glucose sensors used by diabetic patients as a way to quantify waste generated. The
biosensing capability of the CAP system is preliminary assessed through the measurement of

peroxide.

Chapter 6 entitled “Electrochemically Initiated Release: Exploring New Modalities for
Controlled Drug Release” details a series of naphthoquinone-aminophenol derivatives

synthesized on the basis that their conjugation with a suitable drug candidate, could provide



a means through which the latter could be released upon the imposition of an appropriate
oxidation potential. The approach is based on a three-component assembly in which the
naphthoquinone redox centre serves as a reporter unit allowing interrogation without release
of the drug. The central aminophenol serves as the tether to which the drug is linked via an
ether bond. Upon oxidation of the aminophenol - ether component, transition of the latter to
quinone imine results in the release of the drug. The electrochemical properties of the model
system are investigated and the impact of the release process on the functional groups

intrinsic to the drug component is critically considered.

Chapter 7 entitled “Activation of Carboxylic Groups via DMAP / DCC for Controlled Release
of Ester Bound Drugs via Electrochemical Trigger” employs dicyclohexylcarbodiimide (DCC)
and 4- N, N-dimethylaminopyridine (DMAP) which is known to readily activate the carboxylic
groups towards ester formation. Given the presence of such groups on the carbon surfaces,
the subsequent activation could be exploited as a means of immobilising drug candidates at
the electrode surface. Laser induced graphene (LIG) and polystyrene-carbon (Ps-C) were
used as the test substrates. Following the esterification of the drug candidate to the substrate,
the application of oxidative and reductive potentials can be used as a means to control drug
delivery. Acetaminophen (paracetamol) and salicylic acid were employed as model drug
agents and were used to validate the release system in real time by way of cyclic voltammetry
and UV-visual spectrophotometry. While oxidative release exploits the inherent
electrochemical properties of the drug, cathodic potential changes brought out changes in the
local pH which in turn hydrolyse the ester bond. The use of poly(anthranilic acid) was also
explored as an electrode modifier which would increase the population of carboxylic groups

and thereby increase the drug loading potential and eventual yield.

Chapter 8 entitled “Conclusions and Further Work” provides a summary of the outcome
arising from the previous chapters and suggestions as to how the area would be expanded

further.
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Chapter 2

Literature Review

Overview

This chapter discusses the traditional approaches to drug delivery and their limitations, whilst
critically analysing up and coming drug delivery mechanisms like implantable and
nanoparticles, which can achieve targeted release. This chapter also discusses the
opportunities for transdermal drug release and the novel approaches within the field, their

commendable attributes, and shortcomings.
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2.0 Traditional Approaches to Drug Delivery

2.0.1 Oral

Medication taken orally is the most convenient and simple administration route, and it is
therefore unsurprising that it is the most widely used method (46; 47; 48). Upon reaching the
small intestine, the dissolved drug permeates the epithelium, followed by absorption into the
blood or lymphatic system (49; 50). However, it is paramount that the orally administered drug
has disintegrated and dissolved within the small intestine in order to be absorbed. Dissolution
and absorption are hugely influenced by physiological conditions such as pH (51; 52; 53) and
the volume of fluid (54; 55; 56), and in turn, the rate of intestinal absorption is key in deciding
the bioavailability of a drug (49; 57). Changes within the physiology of the gastrointestinal (Gl)
tract can be the result of local diseases like inflammatory bowel disease (IBD) (58; 59) or
systemic diseases like diabetes (58; 60; 61). Moreover, differences in physiological conditions
in the Gl tract of the population exist due to age, sex, ethnicity, or lifestyle and, as such, a
“standard” patient population is difficult to achieve (62; 63). This can contribute to situations of
over or under estimating absorption, which poses safety concerns and efficacy issues for a
given drug. For example, children typically have less fluid in their Gl tract, thereby influencing
rates of dissolution of a drug and influencing the absorption kinetics (57; 64). The pH of the
small intestine is typically neutral when fasted (51), but this varies greatly when food or water
is present and can go as low as pH 3 (65). Elderly people also tend to have a more acidic Gl
tract (66) such that drugs intended to be absorbed in the small intestine may not even dissolve

if they were formulated for dissolution in neutral conditions (49; 57).

Another important factor influencing absorption is volume of splanchnic circulation, referring
to the blood flow to the abdominal gastrointestinal organs. It is controlled by the autonomic
nervous system and is influenced by lifestyle (67), however, some drugs modify the splanchnic
blood flow in turn impacting absorption. For example, digitalis is a strong vasoconstrictor and,
once absorbed, can result in a decrease of 30 — 40 % splanchnic blood flow (68). As

polypharmacy is common among people with comorbidities, it is likely that drug absorption is
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altered due to other drugs being administered. This is not taken into consideration when

developing pharmaceutical drug products (49).

Pharmaceutical drug products contain a myriad of ingredients to aid manufacturing and
physical handling by the patient. Moreover, they can also include ingredients to enhance the
taste / acceptability (particularly for younger children), to offset the bitterness of the basic
components (69). The latter are typically inactive and do not alter the active component (70).
There are, however, certain supplements that alter the drugs solubility, dissolution, wettability,
and intestinal permeability. An example is sugar alcohols, which are known to affect absorption
and reduce bioavailability (71). The small intestine is also inhabited by a microbiome of
bacteria, which aid in the digestion of food, but can also inactivate some drugs (e.g., cardiac
glycoside digoxin), with the result that higher doses are often required and which, potentially,
can be more harmful (49; 72). Generally, the geriatric population tend to be the predominant
users of medication and can be vulnerable to the consequences of an ever-aging population,
carrying a variety of chronic conditions (diabetes, heart disease etc) (73). While they represent
20 % of the entire global population, they are under-represented in clinical trials and their
needs are often disregarded (74). Elderly patients often suffer with dysphagia: difficulty in
swallowing, amounting in roughly 27 % population afflicted (57; 75; 76). This makes taking oral

medication difficult and can reduce adherence to these therapies.

Another well documented issue associated with taking medication orally discussed by Pond
et al., (1984), is the role of the first-pass metabolism, which refers to a drug being metabolised
by tissues in the body resulting in a decreased concentration and bioavailability of the drug
reaching its desired site / systemic circulation (77). Drug metabolising enzymes are present in
various tissues like the lungs, vasculature, the gastrointestinal tract, and many metabolically
active tissues, however, the liver is primary site responsible for first-pass elimination (78).
Despite the first pass metabolism being advantageous to prodrugs, (drugs that are converted
from an inactive form to an active form by first-pass metabolism) e.g., codeine which

undergoes demethylation to morphine. Many extensively used drugs like morphine,
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buprenorphine, diazepam, and midazolam are victims of the first pass metabolism, which
greatly reduces their concentration before reaching systemic circulation (79). The metabolising
power of the gastrointestinal tract and the liver is impressive, eradicating the oral bioavailability
of HIV protease inhibitor, saquinavir and the immune suppressant, tacrolimus < 20 % (80). Not
to mention, the denaturation and chemical degradation of macromolecules that occurs in the
stomach before even reaching the small intestine or liver (81; 82). The highly acidic environment
in the stomach (pH 1-2 when fasted), denature most proteins and begin their enzymatic

degredation (82; 83).

The key issue with oral medication, is degradation of molecules in the stomach, and
maintaining a high level of bioavailability of the drug to be absorbed within the small intestine.
This is extremely dependent on physiological conditions, that vary from patient to patient due
to age, food, fluid, disease, and polypharmacy. To avoid these issues, there have been
considerable efforts to avoid delivery via the gastrointestinal tract when delivering therapeutics

and ideally aim to be delivered to the blood via a more direct route.

2.0.2 Injections

Injection of therapeutics can be accomplished via an array of possibilities for example,
intramuscular, subcutaneous, intravenous, and intradermal. The distinction for each method
is the depth and angle at which the needle punctures the skin and is illustrated in Figure
2.0.2.1. Injections offer rapid delivery of drugs and molecules which avoid the gastrointestinal
route, and thus, its limitations. After collating drugs delivered via needles from the British
National Formulary (BNF), it was established that some 165 drugs are delivered by
intramuscular, subcutaneous, and intradermal or all three, and a breakdown of the percentage

of the proportion of drugs delivered by each kind of injection is illustrated in Figure 2.0.2.2.
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Figure 2.0.2.1 Needle insertion angles for intramuscular, subcutaneous, intravenous, and intradermal

injections.
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e 1%
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Figure 2.0.2.2 The number of drugs that can be delivered by intramuscular, subcutaneous, and

intradermal or all types of needles using data from the British National Formulary (BNF).

The data can be broken down further to highlight the predominant delivery method for common

conditions and these are illustrated in Figure 2.0.2.3 (84).
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Bipolar
Schizophrenia Anxiety
Infection Delirium
Hepatitis A

Pneumonia Anaesthesia
Intramuscular Intradermal
Huntington's disease Cancor Disbotes Immunisation

Thyroid Rheumatoid_ar?hritis
Psoriasis Endometriosis
Crohn’s disease  Ulcerative coliis  ASthMa

1 ; Fertility
Deficiency Anemia Pain
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Hepatitis B & C Multiple scleriosis
Palliative care
Inflammation Eczema
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Figure 2.0.2.3 The range of conditions where the therapeutics can be delivered by injections and the

type of injection used.

Despite providing rapid delivery, injections are an invasive procedure which are painful and
can cause bleeding, bruising and muscle tenderness. While the prospect of injections can be
worrisome for adults, it can be particularly problematic for children where it has been estimated
that some 63 % exhibit needle fear (85). Needle fear in children can impact a parents’
willingness to take their children to receive vaccinations if their child displays distress due to
needle phobia. A survey of 120 children by Baxter et al., (2017), found that many hospitalised
children stated, that apart from their disease, injections are their main source of pain. This
problem is not limited to children, this fear and phobia is carried on through adulthood and
becomes intensified with age. It has been estimated that within the geriatric population, 15 %
patients refuse flu shots due to their needle fears, and 28 % of people with HIV delayed getting
tested due to fear of needles (86). Poor adherence to injections, not only has a negative
implication for the individual, but also the general population. Outbreaks of preventable
diseases has been well documented due to individuals refusing vaccinations, in part due to

fear generated evasion (87).
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Often diabetic patients self-administer injections, which requires a level of training and
expertise in order to deliver the dose correctly to obtain the full clinical benefit of the therapy.
Even experienced patients can encounter minimal improvement to glycaemic control due to
simple errors like forgetting to remove the inner needle cap or having poor understanding of
the needle pen (88). When delivering insulin, it is critical to leave the needle in the skin for at
least 10 seconds to ensure the entire dose has been expelled. A survey of 13,289 patients by
Frid et al, (2016), found that only 32 % of diabetic patients left the needle in for the
recommended time. Another frequent error is improper resuspension of the insulin vial by way
of rolling 20 times for adequate mixing of the solution. This critical step is skipped by 10 % of
patients, and the insufficient mixing results in large dosing errors, affecting the clinical gain of

the therapy therefore patients experience poor glycaemic control (89).

The risk of spreading bloodborne pathogens like hepatitis B, hepatitis C and bacterial
infections due to contaminated needles is also a very serious problem that thousands of
patients have suffered. The contamination can occur due to reuse of single use syringes or
through backwash into multiple use vials on one or multiple patients. These diseases have
major health implications and can be detrimental not only to the patient but to the health care
worker handling the contaminated needle (90). Despite the prevalence of unsafe injections
falling by an estimated 88 % between 2000 and 2010, resulting in 874 million instances
worldwide, the estimated figure cannot be disregarded. There is no doubt that unsafe injection
practices are a universal problem. However, the impact is felt especially in countries facing
economic austerity, limited resources, and availability of appropriate expertise, for example, it
is common practice to reuse unsterilized equipment in countries like Pakistan. Unsurprisingly,
improper usage and unsafe administration is often linked, but not limited to the reuse of
needles, leading to accelerated spread of infection or disease. The inappropriate disposal of
medical waste and injury as a result, is another issue that exacerbates the spread of injections
due to improper handling of needles (91; 92). Although needles have their limitations, notable

attributes are their ability to effectively bypass the skins protective barrier and achieve rapid
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drug delivery to systemic circulation whilst maintaining a high level of bioavailability, thus, it

remains a popular approach.

2.0.3 Sharps Waste

A factor that has only been considered in recent years, is the waste produced due to needles
and syringes. It can appear obvious when reflecting on the size of needles, the syringe
attached, the cap and the bottle of therapeutics. Vaccines predominantly delivered by needle
and syringe like the vaccine for influenza which requires an annual booster. The waste
produced by injections and vaccines must be disposed in a sharps waste bin and incinerated
expelling carbon dioxide (and other potentially toxic materials such as dioxins) into the
atmosphere. Although injections provide rapid delivery of therapeutics, there are clearly many
issues and hence there is a continuing need to find alternative methods that bypass the
gastrointestinal route without provoking a pain response. Microneedles have been envisaged
to replace injections for the delivery of many therapeutics traditionally delivery via injection.
Due to the large different in size, a microneedle would produce a much smaller carbon footprint

than needle and syringes after incineration and this is discussed in Chapter 5.

2.0.4 Compliance

Although the bioavailability of a drug and its absorption pathway are key factors to consider
when developing drug delivery systems, neither are of any use if the patient is unable to
administer their medication as advised by their physician. Non-adherence to prescribed
therapies is regarded as the foremost hurdle to preferred health outcomes in chronic
conditions (93). For adherence to be considered satisfactory, over 80 % of the drug must be
absorbed, and within rheumatoid arthritis patients for example, this is far from the case with
adherence rates of 20 — 80 %. This compromises the therapeutic efficiency resulting in
heightened disease activity and can lead to unnecessary treatment switches (94). Similarly,
low adherence rates have been observed in children with asthma where some 50 — 70 %

coincide with poor disease control (95).
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Within stroke survivors, adherence is necessary to prevent a recurrent episode, however,
Saade et al., (2021) found that 50 % of patients with chronic conditions are non-adherent. The
reasons for poor adherence are complex and depend on a patient’s cognitive abilities and
disabilities which can result in being unable to administer and manage their own treatment
regimes, this is supported by the fact that non-housebound patients display higher adherence
rates (96). In another example, Rajurkar et al., (2018) found that forgetfulness is a commonly
observed cause of non-adherence to glaucoma medication in addition to improper

administration (97).

Drug delivery systems at present, fail to consider individual patient needs, as compliance is a
complex issue. Going forward, a patient centric approach is required to deliver the best
possible health outcomes, where patients are freed from the burden of managing their

medication schedule by way of controlled drug delivery systems (98).

2.1 Emerging Approaches

Research in drug delivery has come a long way from those methods employed in antiquity,
with more focus on diminishing side effects for patients and creating the most convenient

experience.

2.1.1 Implantable

Recent advances in material chemistry and biomedical engineering, have permitted the
transition of implantable devices from passive structural components to smart sensors and
drug delivery actuators. Implantable drug delivery devices are available in a range of forms
that can include: miniaturized hormone implants (99), larger drug carrying scaffolds (100), drug
eluting stents (101) or drug wafers (102) as illustrated in Figure 2.1.1.1. Implantable devices
are particularly advantages when considering the treatment of soft tissues for complex medical
conditions in a patient friendly manner (103). This is especially evident where long term medical

attention is required for the condition, such as diabetes, ocular diseases, cardiovascular
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diseases, cancer, and contraception. To ensure the implantable device is fit for purpose, it is
essential that the material is biocompatible in order avoid inducing an immune response (104).

It must also adequate adhesive properties to integrate with the target tissue and is sufficiently

-
T

Ocular implant

durable to sustain long term dosing (103; 104).

Drug eluting stent

Hydrogel scaffold

Intra uterine device

Figure 2.1.1.1 Examples of commercially available implantable drug delivery systems (Adapted from

(103)).

Implantable scaffolds produced via electrospinning, have been extensively researched as the
nanofibers have a high loading capacity for drugs (105) due to a high volume to surface ratio
(106) and high flexibility. Drug loading can be achieved by several methods such as, mixing
with polymers, coating/surface immobilisation (107) or encapsulation (105; 108). Each method
has its own applications and limitations, simple fabrication methods typically produce burst
release profiles with limited control i.e., drugs attached by van der Waals’, hydrogen bonds
(109) or electrostatic interaction (110). However, affinity for drugs can be improved by surface

modifications, for example the addition of functional groups including amine, thiol, hydroxyl,
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and carboxyl can provide a more controlled release profile (111). Drug attributes can influence
which polymer/solvent is employed and which drug incorporation method is used. For
example, whether the drug is hydrophilic or hydrophobic influences which solvent is chosen
to dissolve/process it. If the drug is sensitive to high voltage or organic solvents, it may be

coated rather than mixed (112).

Polymeric implants are often injected into the target tissue or inserted during a minor surgery,
so it is imperative that they have long lasting effects to circumvent non-compliance. Chitosan
based implants have been examined, which have been used to release Ketorolac, an anti-
inflammatory. The subcutaneous implant released Ketorolac passively for up to 45 days, an
adequate length of time to provide long term treatments (113). The properties of biomaterials
used for implantable drug delivery devices can be tuned to determine the response of cells in
vivo. For example, proteins can be delivered as drugs to initiate processes within the cells, or
the scaffold can be absorbed to help regrow tissues. Poly (lactic-co-glycolic acid) (PGLA) was
employed as a scaffold modified by polydopamine loaded with nerve growth factor (NGF). It
offered sustained release and adsorption power to implement in spinal cord injury to help

repair nerve cells (114; 115).

Cancer treatment is an increasingly relevant area of research for implantable drug delivery
systems, as the scaffolds can be implanted to the site of action. This is significant as anti-
tumour medication is often extremely toxic to normal cells. Local and controlled delivery can
address the shortcomings faced by oral and intra-venous delivery of the same medication,
reducing some of the unwanted side-effects on normal tissue. In addition, the
targeted/controlled approach gives the opportunity of higher dosing so that the implant will be

effective for longer periods of time (116).

There are many ways to control dosing of implantable drug delivery systems which have been
categorized into “on-demand” or “programmed” release. The use of “on-demand” release, is
typically where the therapeutic agent is released following an external stimulus such as

ultrasound (117), electric field (118), magnetic field (119) or near infra-red light (120). This allows
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a physician to control dosing in a non-invasive way. In contrast “programmed” release is where
the therapeutic agent is released based on stimuli intrinsic to the body such as: enzyme activity
(121), pH (122) or redox interactions (123). The physiological conditions within tumour cells are
often greatly different than that of normal tissue. Changes in intracellular pH and the over
expression of enzymes are common and in one scenario, it is possible to envisage the
therapeutic agent being triggered once enzyme products are above a certain threshold.
Conversely, this over expression of enzymes is also a dual control mechanism such that when
products are increased, changes in the pH and redox interactions can be observed (116).
Similarly, starch nanoparticles are pH dependant and can exploit the variation in pH common
to tumour cells to deliver the entrapped drug within the correct tissue (124) and enhance the

efficacy of chemotherapies (125).

While implantable drug delivery systems provide targeted drug delivery and a structure
whereby tissue can repair, the procedure can be very invasive requiring a needle at the very
least, or surgery in severe cases for insertion. Although the implants can be long lasting, and
ultimately more convenient for patients, it is not always appropriate or feasible financially. More
simplistic methods which does not require any expertise or physicians time can be useful for

more manageable chronic conditions.

2.1.2 Nanoparticles

Polymers that can be configured into nanoparticles and micelles have grained enormous
interest in developing drug delivery systems to provide targeted therapy. Polymers enhance
controlled release mechanisms, improve biocompatibility, bioavailability and solubility of drugs
thus improving their efficacy (126). Smart polymers such as hydrogels change physically or
chemically based on the environment in which they are placed (127). One example is poly(N-
isopropyl acryl(amide) (PNIPAAm) which is thermosensitive such that when it is below its lower
critical transition temperature (LCST) it is observed in a coil state. Upon heating however, it is
globular and swells (127; 128; 129; 130). It is important to also note that the LCST is tuneable, by

the addition of co-monomers such that it can be adapted to suit a particular application (125).
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This characteristic change in structure above LCST temperature was also exploited for
chitosan-g-poly(N-vinyl caprolactam) nanoparticles. These were injected into mice and the
rate of drug release found to increase following a temperature increase above the LCST
temperature of the polymer. This was confirmed by monitoring a fluorescent marker present
in the cells which indicated 95 % of loaded drug had successfully been delivered (131).
Temperature and pH are significant release factors as they are important states within the

body and disease often alters both.

In addition to enhancing the control of drug delivery systems through smart polymers,
nanoparticles expand the range of deliverable drugs and influence efficacy. For instance, there
have been promising anti-cancer drugs derived from plant extracts that achieve high
therapeutic action with minimal side effects such as umbelliferon (132) and curcumin (131). This
is encouraging, as the drugs can be produced in high abundance resulting in affordable
treatments. However, these extracts exhibit poor solubility and bioavailability, and cellular
uptake is key to diminish tumour cells. These derivatives require assistance from nanoparticles
to cross physiological barriers in order to be effective cancer treatments (132). Traditional
cancer treatments like chemotherapy or photothermal therapy are extremely toxic and cannot
differentiate between tumour cells and healthy cells, resulting in severe side effects. For this
reason, it is paramount that delivery of anti-cancer drugs provides targeted release to minimise
damage to healthy tissues. Nanoparticle therapy, in addition to improving the solubility of less

toxic drugs for cancer treatment, also provides a level of control for the toxic drugs.

Controlled drug release via nanoparticles can be initiated not only by internal physiological
stimuli, but external sources like electricity, near infrared light or magnetic field.
Electropolymerized polypyrrole nanoparticles produced over dexamethasone (steroid) loaded
micelles shown in Figure 2.1.2.1 exhibited greatest yield of drug following a pulsated electrical

signal for electrically triggered release (133).
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Figure 2.1.2.1 Proposed schematic of the synthesis of the polypyrrole (PPy) particles. A) assembly of
sodium dodecyl benzene sulfonate (SDBS) into micelles, B) preferential association of
dexamethasone base (Dex) with the core and dexamethasone sodium phosphate (DexP) with the
outer shell of the micelles, C) association of pyrrole with the outer shell of the micelles and D)

chemically driven polymerisation of PPy over the micellar template (133).

Interest in the use of graphene oxide (GOx) nanoparticles, a derivative of graphene, has
increased due to its drug loading capacity and its antibacterial properties. Work by Khan et al.,
(2017) reduced graphene oxide by stirring with gum arabica, thus, making hydrophilic.
Following this, the hydrophilic GOx was combined with gold nanorods covalently bonded to
doxorubicin (chemotherapy). The approach had a dual effect, whereby the GOx increased the
absorption of near infrared light employed as phototherapy to kill cancer cells and the delivery
controlled of doxorubicin from the gold nanorods provided chemotherapy (134). Freund et al.,
(2012) found that magnetic nanoparticles could be directed to the target area via an applied
magnetic field and hence are promising for cancer therapies (135). At present, however, their

application is limited to the latter as they prove to be a challenge for cardiovascular treatments
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due to the complex interactions between magnetic forces and fluid flow drag forces in arteries
(136). Alternative nanoparticle formulations have been researched whereby the unique
haemodynamic environment present in stenosed arteries are taken advantage of. In such
cases, the release of therapeutics only occurs when a predefined threshold of abnormal shear
rates is experienced — i.e., those shear rates typically observed in blocked arteries (137). The
mechanical aberrations experienced by the nanoparticle causes release of the medication to

help remove the blockage (138).

Nanoparticles have been extensively researched for cancer treatment, offering enhanced
efficacy, and widening the range of therapeutics available in order to circumvent the harmful
side effects of chemotherapy and photothermal therapy. However, for other chronic conditions,
where the treatment is not as toxic to normal tissue, they are still an invasive procedure as
they are often injected by conventional hollow-bore needles. This does not offer an alternative
for people who have phobias and does not address issues due to adherence or non-

compliance.

2.2 Opportunities for Transdermal Drug Delivery

The skin is the body’s largest organ and is highly accessible, providing an extensive surface
area that could address some of the limitations associated with more traditional approaches
discussed previously. Interest has grown in the development of pharmaceuticals as
transdermal agents in recent years. The increased attention towards transdermal drug delivery
systems has generated novel approaches with the aims to improve skin permeation, drug
transport and drug release mechanisms, which could be combined with future transdermal
patch technologies. When compared to drugs delivered orally or by injection, transdermal drug
delivery possess numerous beneficial attributes, including control, time-release delivery,
prevention of spikes in concentration in the blood (139) and evading premature metabolising

by first-pass elimination (140). Moreover, transdermal routes are minimally invasive, and pain
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is almost non-existent when compared to injections (141), as well as reduced waste production

and the spread of diseases due to reuse of needles (140).

Transdermal drug delivery has traditionally referred to drugs that initially penetrate the stratum
corneum, passing through the epidermis and deeper dermis which can then diffuse into the
vascular system to be absorbed by the systemic circulation and therein transport the drug to
its target site (142). Since transdermal drug delivery avoids the gastrointestinal tract, a lower
dose can be administered as there is a short diffusion path to reach the vasculature. Not only
that, it's also a non-invasive method which is virtually painless and permits repeated
administration. However, since the stratum corneum is such an effective barrier to foreign
molecules, very few drugs are favourable to diffuse through the lipid matrix. Only molecules
that are small in molecular weight, lipophilic and potent can cascade through the stratum

corneum into the deep tissue (143).

Aside from providing an alternative route from the Gl tract, transdermal drug delivery is highly
favoured among patients and has high adherence rates. Elderly people, especially, display
high acceptability and satisfaction following transdermal drug application as their veins are
often hard to find for intravenous injection due to dehydration (144). Furthermore, a study by
Molinuevo et al., (2014) found that in a sample of 649 Alzheimer patients, higher adherence
rates were displayed for transdermal patches rather than oral medication over a six-month
period (145). This is very significant as failure to follow medication properly disproportionately
affects patients with memory issues. This has a detrimental impact on physical, mental, and

social circumstances and can reduce the bioavailability of the drug.

Transdermal drug delivery provides a simple, patient centric approach to therapies granting
self-administration providing patients with confidence and a sense of control over their own
health care. Transdermal patches are portable, and wearable therefore offer freedom and
independence with less of a burden. Lesser considered advantages to transdermal delivery
are the fewer side effects and the lower chance of overdose as the patch can easily be

removed (146).
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2.2.1 Physiology of the Skin

The stratum corneum is the outer most layer of the epidermis which acts as a physical barrier
preventing pathogens and irritants from getting into the body (147). It is comprised of extremely
keratinized dead cells which form a lipid envelope some 900 pm thick, where the lipid matrix
fills the extracellular space responsible for the skin’s barrier effect. If a molecule penetrates
the physical barrier, the lipid matrix can significantly hinder its diffusion. The diffusion rate
within the lipid matrix has been estimated to be 1073 cm h™'. This is in contrast to a regular
phospholipid membrane, which is two orders of magnitude faster of 103 cm™ s1 (148). There
are very few nerve fibres within the stratum corneum, instead, they are bundled in the
subcutaneous tissue and branch outwards from there (147) . For this reason, transdermal drug

delivery has often been promoted as an attractive option to circumvent pain from injections.

2.2.2 Commercial Transdermal Drug Delivery

Transdermal drug delivery began with the use of creams, gel and ointments applied topically
on the skin. At present, some 20 drugs have been adapted to the TDDS format (139), and this
small number can be largely attributed to the difficulties associated with the drug being able
to penetrate the stratum corneum (SC) and subsequent layers. At the time of writing, over 500
clinical trials relating to transdermal studies have been listed by the U.S National Library of
Medicine, and around 80 of those are currently listed as open (149). In 2010, the international
market for transdermal drug delivery was valued at $21.5 billion, of which the U.S alone
contributes $3 billion per annum. Market analysis has attributed more than 12 % of the global
drug delivery market to transdermal formulations (150). Some of the systems approved by the
U.S Food and Drug Administration (FDA) are outlined in Table 2.2.2.1 and consists largely of
first-generation mechanisms relying on passive diffusion of small, lipophilic molecules. At
present, most currently approved transdermal drug delivery systems are first-generation
designs, featuring the primary components shown in Figure 2.2.2.1. These methods rely on
the physiochemical qualities of drug being delivered, that permit transdermal diffusion. In order

for drugs to be delivered this way, they must be lipophilic and possess a low molecular weight,
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so it is unsurprising that a small range of drugs can be delivered by these means. Other

approved transdermal drug delivery methods include topical creams and sprays which do not

make use of a patch at all. For example, testosterone gel is applied topically to achieve slow

release to the underlying blood supply following absorption by the stratum corneum (151; 152).

The limitations of first-generation transdermal drug delivery systems have led to the

development of second and third generations which have included numerous enhancements.

Year Drug Product Application

1979 Scopolamine Transderm Scop | Motion sickness

1984 Clonidine Catapres Hypertension

1986 Estradiol Estraderm Menopausal symptoms

1990 Fentanyl Duragesic Chronic pain

1993 Testosterone Testroderm Testosterone deficiency

1995 Epinephrine; Lidocaine HCI lontocaine Local dermal analgesia

1995 Nitroglycerine Nitro-Dur Angina pectoris

1996 Nicotine Nicoderm Smoking cessation

1998 Estradiol; Norethindrone Acetate | CombiPatch Menopausal symptoms

1999 Lidocaine Lidoderm Postherpetic neuralgia

2001 Ethinyl Estradiol; Norelgestromin | Ortho Evra Contraception

2003 Oxybutynin Oxytrol Overactive bladder

2005 Lidocaine; Tetracaine Synera Local dermal analgesia

2006 Methylphenidate Daytana Attention deficit hyperactivity disorder
2006 Selegiline Emsam Major depressive disorder
2007 Diclofenac Epolamine Flector Nonsteroidal anti-inflammatory
2007 Rivastigmine Exelon Dementia

2007 Rotigotine Neupro Parkinson’s disease

2008 Granisetron Sancuso Chemotherapy induced nausea
2008 Menthol; Methyl Salicylate Salonpas Topical analgesic

2009 Capsaicin Qutenza Peripheral neuropathic pain
2010 Buprenorphine Butrans Chronic pain

2013 Sumatriptan Succinate Zecuity Acute migraine pain

Table 2.2.2.1 Commercially available transdermal drugs.
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Figure 2.2.2.1 General first-generation transdermal drug delivery patch assembly.

Following the commercial success of some of those listed in Table 2.2.2.1, more research

focused on widening the range of drugs to be delivered transdermally, and enhanced methods

have focused on utilising pressure jets, iontophoresis, ultra-sound, laser ablation and

microneedles, some of which have been released commercially and have clinical uses

summarised in Table 2.2.2.2 below (153; 154). Although there have been some commercially

available enhanced transdermal drug delivery systems, they are still not widespread and

innovation in this area continues which is discussed in more detail in the next section.

Type Method Drug Use Brand name Limitations
Passive Patch applied Nitro-glycerine | Prevent angina Nitro-Dur Range of drugs are limited
patches topically and Estradiol Hormone Vivelle-Dot®
therapeutics ghffuse Fentany! replacement Duragesic
across the skin Scopolamine | Pain relief Transderm Scop
Motion sickness
Pressure Pressure applied at Somatropin Human growth Tlet® Limited acceptance due to
driven jets velocity 100-200 m/s hormone bruising, pain, cross-
to puncture skin contamination issues
lontophoresis Electric current Lidocaine Local Phoresor® Not adapted for larger
applied 0.1-1 mA Epinephrine anaesthetic molecules, can cause cell
cm™2 drives Fentanyl Allergic death, damage proteins thus
molecules through Sumatriptan reactions bioactivity
skin Pain relief
Headaches
Ultra-sound Generate Local Sonoprep® High intensity ultra-sound
microbubbles that anaesthesia can cause second degree
mechanically interrupt burns
the skin
Laser ablation Removes local areas Lack of control, painful,
of the stratum causes skin irritation
corneum
Microneedles Pierce the stratum Teriparatide Osteoporosis MicroCore® Made from stainless steel so
corneum creating PTH risk of needles breaking and

micro-channels for
drug to diffuse

Admin Patch ®

remaining in the skin

Table 2.2.2.2 Commercially available transdermal drug delivery devices.
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2.3 Innovative Approaches to Transdermal Drug Delivery

For transdermal drug delivery to be feasible to a much wider range of drugs, the stratum
corneum must be disrupted. Technology like iontophoresis has been developed to improved
permeation of drugs by way of applying a low intensity current around a drug reservoir to
encourage drugs to be transported (155). Electroporation, chemical enhancement, ultrasound,
and thermal ablation have also been applied but, in many cases, the procedural and
instrumentational requirements are significant and inappropriate for everyday application.
More recently, the increasing accessibility of manufacturing methods for the production of
microneedles has provided an alternative means through which to disturb the stratum corneum
physically creating a microchannel through which drugs, regardless of size, can diffuse (156).
These approaches are considered in more depth in the subsequent sections and their

merits/limitations in terms of drug release are critically appraised.

2.3.1 lontophoresis

lontophoretic drug delivery is the application of low intensity current (0.3 — 0.5 mA/ cm?) to a
biological barrier and a drug reservoir, which the drives the stored therapeutics into the desired
tissue. The typical set-up encompasses a power supply and two electrodes — the drug delivery
electrode and a returning electrode, which facilitates the transportation of drugs via

electromigration and electroosmosis illustrated in Figure 2.3.1.1 (155; 157; 158).
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Figure 2.3.1.1 The mechanism used by iontophoresis to delivery drugs transdermally (158).
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Electromigration refers to the repulsive/attractive force between the two electrodes employed
- the drug electrode and the returning electrode, which drives therapeutics through the tissue
and towards the returning electrode. Electroosmosis refers to the transportation of drugs within
a solvent by convection flow that is induced by the potential difference of the charged tissue
(155). For instance, when the skin shifts above its isoelectric point which is pH 4 — 4.5, the
carboxylic groups ionise becoming negatively charged. When current is applied, internal
anions like Ca?* are drawn towards the skin changing the potential. This subsequent solvent
flow can then carry dissolved drugs towards the cathode — the returning electrode. However,
when the skin is below the isoelectric threshold, electroosmosis plays a negligible role in drug

delivery therefore pH greatly influences which mechanism is at play during iontophoresis (155;

157).

Initially, transdermal drug delivery that exploited iontophoresis was used to treat topical
conditions like psoriasis, alopecia, skin cancers and acne (155). Through combining
iontophoresis with nanoparticles encapsulating therapeutics, larger hydrophilic molecules can
be delivered. Moura et al., (2022), formulated a lipid-based nanoparticle loaded with lopinavir
(antiretroviral for HIV) which historically has poor oral bioavailability and digestive side effects
which can be avoided by delivering via the transdermal route (159). The effects of iontophoresis
on lipid dynamics were examined and the drug remained viable even after applying current for
six hours. No passive release was observed within a Franz cell set-up due to the lipophilicity
of the nanoparticles. Following the application of 0.5 mA/cm?, significant drug release was
observed, a distinction was noted between cathodic and anodic iontophoresis and in this
instance anodic iontophoresis was favourable with the highest flux of release, enabled by
electromigration (159). Since release via iontophoresis is controllable, individualistic, and
pulsed release profiles are achievable and Djabri et al., (2019), explored the delivery of
midazolam by transdermal iontophoresis within the paediatric population. The solubility of

midazolam (anaesthesia) is very low at pH 5, which is increases in more acidic environments
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as the drug is in its ionized form. Through the application of current the drug can penetrate

porcine skin and a linear relationship is observed between drug flux and current (160).

lontophoresis improves transdermal drug delivery particularly when the drug fits the desired
characteristic to move across the stratum corneum such as low molecular weight, lipophilicity
non-polar. Through combining with nanoparticles, more variation is attainable however, the
process can result in irritation and blistering, and the site must be changed if multiple doses

are applied to avoid trauma (161).

2.3.2 Electroporation

Electroporation is regarded as an active drug delivery enhancement. The technique applies a
high pulsating voltage for a given length of time to biological tissue, the pulses alter the
structure of lipid bilayer creating aqueous pores to improve drug permeation. Various electrode
styles have been employed such as: needles, plates, needle-free microelectrode arrays, and
multi-electrode arrays. The quantity and frequency of drug dosing is controlled by varying the
magnitude of the voltage applied, the duration of the applied voltage and the number of pulses.
When applied to the skin, electroporation reduces the resistance across the stratum corneum,
and the electric field can penetrate the deeper layers of the dermis enhancing the diffusion of
molecules into the interstitial fluid (162). When the method is used on mice skin for five minutes
pores formed to allow drugs to pass and closed gradually over twelve-hour period, thus
electroporation is reversible making it safer (162; 163). The formation of pores enhances the
delivery of topical drugs applied after electroporation treatment. However, the method can be
used in combination with polymer films loaded with therapeutics. Anirudhan et al., (2019),
developed a polymer film loaded with carbon nanotubes decorated with gold nanoparticles to
deliver diclofenac sodium (anti-inflammatory) through the dermis. The application of
electroporation method improved the yield of drug, and 10 V was the most favourable for drug

permeation (164).
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2.3.3 Chemical Enhancement

lonic liquids are composed of salts with a melting point below 100°C, of distinct cations and
anions which determine the lowered melting point (165; 166). They have numerous uses within
the pharmaceutical industry as solubility enhancers, antibacterial agents, stabilisers, and skin
penetration enhancers for active therapeutic ingredients (165). lonic liquids enhance
transdermal drug delivery by chemically reducing the stratum corneum, disrupting the regular

arrangement of keratin for drugs to pass (167).

Choline cation ([CH]*) is commonly employed for the use in ionic liquids as it is non-toxic and
readily available in many living organisms as a basic component of vitamin B4 which is ideal
for biomedical applications and transdermal drug delivery (165). lonic liquids have been
combined with an oil phase as a microemulsion to enhance transdermal delivery, where
midazolam is the ionic liquid component and 1-hydroxyethyl-3-methylimidation chloride as the
transdermal enhancer to deliver artemisinin (anti-malarial) (167). The use of ionic liquids
increases the solubility of the drug as well as changing the physiochemical properties of the
stratum corneum for example the solubility of ketoprofen, flurbiprofen and loxoprofen
(nonsteroidal anti-inflammatory drugs) was enhanced 4.5-fold and permeation of the drugs

was enhanced 9.3-fold when delivered exploiting triethylamine ionic liquid (166).

Although ionic liquids can have numerous advantages to the pharmaceutical field, particularly
transdermal drug delivery, their safety is a concern. The effect that ionic liquids have on the
skin has not been thoroughly evaluated at present. There is evidence that organic substances
produce oxidative stress on the skin causing dermatitis and skin lesion. In addition, studies
indicate that ionic liquids can be toxic on the environment (168). Another challenge with the use
of ionic liquids for transdermal drug delivery is their stability, as they must be stored under inert

gas and in 4°C fridge (169).

2.3.4 Ultrasound

Ultrasound initiated drug delivery makes use of the longitudinal sound waves and mechanical

energy transferred by particles oscillating from one point to another. The frequencies of the
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oscillations have been classified into low frequency (20 — 100 kHz), therapeutic frequency (0.7
— 3 MHz) and high frequency (>3 MHz), in recent years it has been found that low frequency
is optimum for transdermal drug permeation. The mechanism in which ultrasound waves
interrupt the stratum corneum is somewhat unclear, however, it is recognised that cavitation
occurs. This process induces particle oscillations and create pressure forming bubbles that
resultin a disturbance in the skin’s lipid barrier allowing molecules to penetrate (170). Additional
processes that enrich drug permeation following ultrasound application relate to acoustic
streaming, rectified diffusion and the thermal effects associated with ultrasound. These
processes also produce strong shockwaves that interrupt the stratum corneum (171). Acoustic
streaming is a phenomenon where unidirectional flow currents are produced in fluids as a
result of the applied sound waves. The currents are due to ultrasound reflections and
distortions that occur during wave propagation (172; 173). Rectified diffusion relates to the
cavitation that occurs due to the application of ultrasound. During the application of ultrasound
the bubbles repeatedly expand and compress and the diffusion of dissolved gases into and

out of these bubbles refers to rectified diffusion (174; 175).
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Figure 2.3.4.1 The mechanism used by ultrasound to delivery drugs transdermally.

Ultrasound initiated drug delivery can deliver non-ionized and non-magnetic therapeutics in
addition to increasing the permeability of macromolecules like insulin, glucose and vaccines
which depends on the frequency and acoustic pressure of the ultrasound. A nanoparticle of
diameter 200 nm penetrated more deeply into skin tissue, following a 42 kHz ultrasound

application (176). The ultrasound parameters must be tuned depending on the component
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being delivered, for example, econazole nitrate (antifungal) has optimum topical permeation
on porcine skin model post application of 20 kHz for two minutes (170). The methods just
described discuss how ultrasound alters the skin to allow molecules to penetrate, however
smart materials can also be exploited. Ultrasound responsive poly(lactic-co-glycolic acid)
microplates containing curcumin (anti-inflammatory) were treated with 1 MHz frequency —
close to the material resonance frequency, causing degradation of the vehicle to expel the
drug with a 200 % increase in delivery. The use of such materials is appropriate for smart
wearable systems that provided triggered transdermal delivery (177). Examples of long-term
drug delivery have been achieved in porcine skin model for the delivery of enfuvirtide (anti-
retroviral) over one month, where ultrasound of 24-26 kHz was applied for thirty minutes every

day (178).

2.3.5 Thermal Ablation

Transdermal drug delivery can be achieved by passing a precise laser epidermal system laser
over the skin ensuring the beam diameter is as small as possible to avoid unnecessary
destruction. The method works by exciting water within the dermis inducing evaporation and

creating micropores and thereby allowing therapeutics to travel through.

Direct Ablation Photomechanical Wave Photothermal Effect
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Figure 2.3.5.1 The mechanism used by laser ablation to delivery drugs transdermally.

An important note to make, is that the energy pulse applied by the laser is shorter than the

thermal relaxation time of water so there is negligible heat transfer and Lee et al., (2011),
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recommended applying pulses for milliseconds at a time to avoid significant cell damage to
deeper tissues (179; 180). Gou et al, (2019) delivered pentoxifylline (blood circulation
medication) to laser porated skin (where the outermost barrier layer is removed), for forty
hours as the medication has low oral bioavailability, and after time had passed the pores
closed circumventing the risk of infection (181). Although the selective destruction of the
epidermis by microscopic ablation zones allows for deeper penetration and absorption of
topically applied medication, there are some mild side effects like burning, pain, acne and
dyspigmentation in darker skinned patients that could reduce compliance at best, or at worst,
severe symptoms like scarring, local infection or systemic infection due to the compromised

skin barrier (182).

Although there is merit to these innovative approaches to transdermal drug delivery, the
approaches require complex instrumentation which, in most cases, have not yet been
miniaturized to provide point of care treatment. They require training and have not yet been
automated to remove the burden of dosing from the patient and they are a two-step process
of altering the stratum corneum and followed by topically applied medication as a cream/

emulsion or nanoparticles.

2.4 Microneedles

Microneedle’s blend traditional injections on a microscale with transdermal patches. Generally,
microneedles are 25 — 2000 pym in height, with a 20 — 250 ym base and 1 — 25 pm tip diameter
with the shorter variations minimising the risk of aggravating nerves making them painless and
minimally invasive (142; 156; 183; 184). Microneedles can be categorized by their function, and it
is widely accepted that there are five broad categories: solid, coated, hollow, dissolving and
hydrogel forming (142; 183) as presented in Figure 2.4.1. A more detailed consideration of each

type is presented in the following subsections.
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Figure 2.4.1 Different categories of microneedles, solid, coated, hollow, dissolving and hydrogel

forming (183).

2.4.1 Classification

2.4.1.1 Solid / Coated

Solid microneedles are typically fabricated using metals or silicon and have two main
functions: the microneedle can be used as part of a two-step process whereby the microneedle
pierces the skin, creating microchannels and a medicated patch is applied afterwards to
facilitate diffusion, or the drug is coated onto the microneedle and upon piercing the skin the

coated drug is hydrated and can diffuse into the dermal layers (148; 156; 184; 185).

The commercially available Admin Patch® introduced in Table 2.2.2.2, has been used to
temporarily disrupt the stratum corneum to create microchannels which could then aid the
topical administration of nano-emulsions. This “poke and patch” two-step approach with the
microneedle pre-treatment was reported to improve aceclofenac (anti-inflammatory) delivery
across rat skin into systemic circulation (185). A similar study found that the poke and patch
method employing a microneedle roller permitted the passive transport of various molecules
regardless of size. The roller exhibited heightened mechanical strength to deliver potassium
chloride (to replenish potassium deficiency) solution rapidly and approximately ten times more

potassium chloride solution was delivered following the microneedle treatment than without

(156).
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Alternatively, porous solid silicon microneedles coated boron doped silicon wafer
demonstrated the ability to release drugs upon hydration of the coating from the skin’s
interstitial fluid. During fabrication, the pores formed boosted the potential yield of drug by
increasing the surface area for the coating to adhere, which could be tuned during the
manufacturing process. However, the process was difficult and volatile such that small
changes in conditions like local solution strength, temperature and sample geometry can
cause the process to be halted prematurely (184). Although coated microneedles can be used
as a vehicle for a variety of molecules like proteins to deliver vaccines, the fabrication process
is challenging. Since proteins are inherently sensitive to degradation, unfolding and
aggregation, achieving a uniform coating with “active” components can be difficult. Despite
this, the research is promising where successive dip coating increases the quantity of protein
on the microneedle surface. This has been shown to allow for homogenous diffusion into the
tissue within minutes after a simple manual insertion. This is significant, as microneedles offer
a strong immune response when delivering vaccines due to nearby dendrite cells within the

dermis. (186).

Despite successfully bypassing the stratum corneum, solid microneedles are not flawless in
design. There is a risk of breakage which could leave behind sharps in the stratum corneum.
In addition, the quantity of drug that can be delivered is limited with little control over the rate

of drug delivery.

2.4.1.2 Dissolvable

Following solid formulations, research began in the development of dissolvable microneedles,
where therapeutics are loaded into a biodegradable polymer matrix countering the issues of
biocompatibility and needle fragmentation. Loaded drugs are delivered after rapid dissolution
of the microneedle following penetration of the stratum corneum. Dissolvable microneedles
do not pose the same safety concern as solid microneedles as no sharp needles can remain
in the skin, there is also the potential of greater quantity of drug being delivered as the drugs

are loaded into the polymer matrix rather than being confined to the external surfaces. In
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principle, it also aided fabrication as achieving a uniform coating on pyramidal surfaces can

be challenging. (187).

Vora et al., (2020), developed a pullulan-based microneedle array with mechanical integrity
and low solubility in lipids to ensure drug release only occurred following penetration of the
skin. The array was tested using porcine skin and 80 % dissolution occurred ten minutes after
piercing creating microchannels to facilitate transdermal delivery (187). Pullulan is a pertinent
choice as it is highly biocompatible, natural polymer so it is readily available and supported
the release of insulin trans-dermally to human abdominal skin (188). A balance between
polymer and loaded drug needs to be achieved otherwise the structural integrity of the needles
can become compromised with high drug loading. This is exemplified in a study by Jeong et
al., (2018) who studied the incorporation of cyclosporin A (immunosuppressant), a drug of high
molecular weight into hydroxypropyl cellulose needles for transdermal delivery. Increased
loading of cyclosporin A made the needles more brittle and likely to fracture. Clearly, caution
is needed to avoid over-loading the polymers with the drug component in order to maintain
needle strength. When the quantity of drug was fine-tuned, the transdermal delivery displayed
a higher efficacy than orally delivered. Pharmacokinetic tests in rats showed that a dose of 5
pMg/mL concentration remained in the blood for seventy-two hours in contrast to only twenty-

four hours for the orally delivered medication (189).

Two-step fabrication processes can be seen whereby the needles and base plate have
different formulations. This can be seen when needles were comprised of chondroitin sulphate
and polyvinyl pyrrolidone (PVP) loaded with neurotoxin and where the base plate comprised
of carboxymethyl cellulose. Complete dissolution was observed in rats after just ten minutes
(190). Similarly, a two-step casting process with PVP loaded with vitamin B12 formed the
needle and PVP formed the baseplate. The needles were loaded with 135 ug of vitamin B12
of which 72.92 % was delivered over five hours. Since the drug was only present in the

needles, waste was reduced (190; 191).
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The biocompatibility and safety of dissolvable microneedles offer a significant advantage over
solid approaches. In order for dissolvable microneedle to be viable options for transdermal
drug delivery that provide the option for multiple dosing, the yield of drug must be improved

by way of drug reservoirs.

2.4.1.3 Hollow

Hollow microneedles are comparable to the traditional subcutaneous needles although they
do not reach the depths of the latter, therefore they can retain the minimally invasive character.
Intradermal injection performed by classic needle is difficult and requires a high degree of
expertise. In contrast, the use of a hollow MN array allows depth to be controlled more easily
(dictated by the length of the needles) and doesn’t require training (192). Typically, the drug is
stored in a liquid reservoir to be delivered upon piercing the skin (193) and are delivered at
different rates based on pressure flow (194). One advantage of such systems is that hollow
microneedle arrays can now be purchased commercially allowing researchers to refine drug

formulations rather than developing time consuming needle designs.

Hollow microneedles can deliver a wide range of substances and are not limited to small
molecule targets. A pertinent example is the delivery of Escherichia coli specific T4
bacteriophages (vaccine) using a polycarbonate hollow microneedle to porcine skin. The
needles penetrated to a depth of 600 um however delivery throughout all the layers was
difficult. It was reported that the microneedles had a 100 % penetration efficiency regardless

of applied force between 0.05-0.4 N/needle (195) emphasizing the ease of use.

Delivery of nucleic acids is a challenge as they are often removed by the spleen, renal and
hepatic systems when delivered by traditional injection methods. For this reason, local delivery
via microneedle is often promoted as a significant advantage. A commercially available
MicronJet600 array consisting of hollow needles 600 um long was used by Golombek et al.,
(2018), to deliver mRNA labelled with Cy3 (fluorescent label) to a porcine skin model. The
injection of a 1.5 yg dose demonstrated high luciferase activity in the surrounding medium

forty-eight hours after delivery therefore high efficacy was achieved (193).
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Hollow microneedles are not restricted to delivering liquid formulations and in recent years,
the delivery of nanoparticles has been demonstrated. Poly Lactic-co-Glycolic Acid (PGLA)
nanoparticles encapsulating model antigen ovalbumin (protein) and TLR3 ligand (RNA) were
delivered using hollow microneedles. The hollow microneedle delivery brought about a much
superior immune response than delivery using dissolving microneedles (196). The same model
was used in rats and displayed a unique pharmacokinetic profile characterised by an early
burst transit though the draining of lymph nodes and had a higher immune response compared
to intramuscular injection. The delivery of the PGLA nanoparticles was brought about using a
pre-clinical version of a 3M hollow micro-structured transdermal system. The latter precisely
delivered 2 mL to the dermal layers without oozing out of injection site and impinging on any
nerves so was painless (197). Arguably the greatest advantage of hollow microneedles is their
ability to deliver large quantities of liquid solution. This opens the possibility to fabricate smart

nanoparticles which are difficult to deliver using other kinds of microneedles.

2.4.1.4 Swellable

Swellable microneedles often take advantage of hydrogels which are biocompatible polymers
with 3D porous structures that can swell in water (40). Upon piercing the skin, the hydrogel
needle swells upon contact with the interstitial fluid thus resulting in a phase change that allows
the loaded drug to be mobilised to diffuse and be delivered across the skin (198). Some of the
more notable advantages to the use of swellable microneedles is that the needles can be
removed without leaving polymeric residues. This counters the limitation inherent to
dissolvable microneedles where complete dissolution may not be achievable. The swellable
system also counters the risk of blockage which can impact on the efficiency of hollow
microneedles (199). Through careful design, the swelling feature can be used as a mechanical
interlock with tissue upon swelling. This was illustrated with the use of a polystyrene-block-
poly(acrylic acid) swellable tip and a non-swellable polystyrene core shown in Figure
2.4.1.4.1. The tips enlarged 60 % and released 90 % of the coated insulin after thirty minutes.

Burst release was observed initially and sustained for six hours (200).
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Figure 2.4.1.4.1 Schematic of polystyrene-block-poly(acrylic acid) swellable tip and a non-swellable

polystyrene core as mechanical interlock in the skin (200).

Swellable microneedles offer a great degree of flexibility when it comes to rate of drug release
by fine tuning the percentage of hydrogel. This was demonstrated by Yin et al., (2018) through
the use of a silk fibrin microneedle which exhibited a 500 % swelling capacity. Hydrogels often
have poor mechanical properties, so this is an important factor when fine tuning drug release.
The silk fibrin microneedles could withstand a force of 0.25 N/needle - sufficient to pierce skin
(40). Ablend of Gantrez®, poly(ethylene glycol) (PEG) and sodium carbonate was investigated
as a means of delivering ketamine (anaesthetic) which is typically delivered by intravenous
or intramuscular injection. The drug was immobilised in a film acting as a reservoir, and when
introduced to an aqueous solution, the hydrogel blend swelled by 1760 % after twenty-four
hours which enabled the delivery of the drug after ninety minutes. The needles exhibited good
mechanical strength and were able to pierce parafiim to a depth of 200 um and can be
considered sufficient to pierce the stratum corneum which is 50 ym thick (198). Although
hydrogels themselves often lack inherent mechanical strength, through blending with other
polymers, the strength can be tuned whilst also allowing for controllable release. Hydrogels
are often referred to as smart materials that can be tuned to swell and expel drugs following

an external stimulus — not only upon hydration which is a passive form of release.
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2.4.1.5 Conductive Microneedles

The design and production of microneedles intended for sensing applications has seen a wide
variety of strategies adopted and these have been extensively reviewed (201; 202; 203; 204). In
most cases, moulds based on PDMS tend to be the replication workhorses and offers an easy
route through which to manipulate the material composition of the MN and thereby refine its
properties (205; 206; 207; 208; 209). This micro moulding approach has obvious advantages for
drug delivery applications - providing a simple means through which to incorporate the
therapeutic agent, but it has also been shown to enable the production of MN arrays for
sensing applications. The potential viability of the approach was initially demonstrated using
composite palladium / polycarbonate MN structures (210) to yield sensitive electrochemical
sensors. The incorporation of carbon nano particles within polystyrene MN structures however
greatly increases the analytical remit (Hegarty et al., 2019) and allows the MN to exploit the

wealth of detection strategies previous developed at conventional carbon electrodes (211).

The principal issue with the current approaches to carbon-based microneedles relates to the
relatively poor electroanalytical performance of the systems. The use of graphitic carbon nano
particles offers a relatively inexpensive option for manufacture, but electron transfer can be

slow and thereby compromises voltammetric resolution.

2.5 Conclusion

After reviewing the literature, it is clear that traditional methods of drug delivery possess a
range of limitations and, in many cases, can be problematic and ineffectual for the patient.
Although oral medication is simple to administer but the full potential of the therapeutic is
seldom achieved due to physiological conditions along the gastrointestinal and the impact of
the first-pass metabolism. Injections provide more direct route to systemic circulation,
however, they are invasive and painful which hinders compliance. The latter also bring in to

question the waste associated with injections and the risk of misuse and infection by blood



43

borne pathogens. The transdermal route avoids the pitfalls of traditional delivery mechanisms
as provides a fast pathway to systemic circulation whilst being non-invasive. Emerging drug
delivery trends are focusing on controlled and targeted drug release, using nanoparticles and
implantable devices as vehicles to deliver drugs on demand. Research in these areas is
admirable, however the administration needs to be carried out by trained professionals.
Controlled transdermal delivery by iontophoresis and ultrasound also requires a level of
expertise to achieve drug delivery. Microneedles provide a more simplistic administration that
can be carried out by the patient, where an external signal can initiate drug release (e.qg.,

voltage for conductive microneedles).
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Chapter 3

Experimental Techniques and Methodology

Overview

This chapter outlines the scientific principles through which the project is based and details
the experimental methods employed throughout the project. It is important to note that any
specific procedural or instrumentational requirements or modifications to the various

experimental set-up are detailed in each chapter.
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3.0 Materials and Instrumentation

Chemicals used were purchased predominantly from Sigma-Aldrich (UK) and were the highest
grade available and used without further purification unless otherwise specified. Solutions
were typically prepared with Britton-Robison (BR) buffers (0.04 M acetic, boric, and phosphoric
acids), with the addition of concentrated sodium hydroxide facilitating the adjustment of the
pH to an appropriate value. Each buffer was supplemented by the addition of potassium
chloride (0.1 M) to provide electrolytes and to define the potentials of silver-silver chloride
pseudo-references. Deionised water from Elgastat water system (Elga, UK) was used

throughout to prepare all solutions.

Moulds to fabricate microneedle arrays were acquired from Micropoint Technologies Pte Ltd
(Singapore) and were pyramidal in format with 200(base) x 500(pitch) x 700 (height) micron
dimensions covering a 10 x 10 needle array. A typical silicone mould used in the production of
microneedles used in the present project and example of the resulting microneedle array are

shown in Figure 3.0.1.

Silicone Template

Carbon-Polystyrene
Microneedle Array

Figure 3.0.1 Silicone mould and resultant microneedle array.

Each microneedle array typically comprises a rectangular block with needle projections on
one face as indicated in Figure 3.0.2A. The sides of the block and the back panel are coated

in enamel paint to serve as an insulating/dielectric layer such that only the face with the
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needles can act as an electrode. On a simple level the active geometric area could be
considered as 6 mm x 6 mm, but this does not consider the additional area provided by the

surface of the needles. Each needle is pyramidal in shape as indicated in Figure 3.0.2B.
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Figure 3.0.2 Typical dimensions of the A) microneedle patch and B) individual needles.

The area of the pyramid can be obtained using Equation 3.1.

Eq 3.1

A = lw+l\/(%):+h3+w\/(é):+hl

Where: |, w and h represent the length, width, and height of the pyramid.

Based on the dimensions outlined in Figure 3.0.2B, the total area of each needle (including

pyramid base) = 3.23 x 107 m?.
There are 100 needles in a patch, therefore the combined surface area = 2.83 x 10° m?.

It is necessary to calculate the area of the patch between the individual needles — the base

layer — which will be exposed to the solution.
The face of patch without any needles would be 6 mm x 6 mm = 3.6 x 10° m?.

The base of each pyramid is 4 x 10® m? and thus 100 bases = 4 x 10° m?.
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Thus, the area of base layer of the patch exposed to the solution when the needles are present

=3.6x10°-4x10%=3.2x10°m?

We know that the total interfacial area attributed to the needles is 2.83 x 10 m?, therefore,
the total geometric area of the microneedle path exposed to the solution is 2.83 x 10° + 3.2 x

10°=6.03 x 10°° m2.

Electrochemical analyses were carried out using either a Palm Sens EmStat 3 or Zimmer
Peacock Anapot computer controlled potentiostat. In most cases, a standard three-electrode
configuration was employed in which the microneedle patch or a laser induced graphene
substrate acted as the working electrode with platinum wire and a Ag|AgCl half cell (3M NaCl,
BAS Technicol UK) acting as counter and reference respectively. All measurements were
conducted at 22°C + 2°C. Specific details relating to particular investigations are noted within

the corresponding chapters.

3.1 Electrochemical Instrumentation and Methods

Electrochemistry studies the transfer of electrons between the working electrode and
electrolyte solution, driven by chemical processes. The resultant electrical response obtained
from electrochemical analysis provides qualitative and quantitative data, establishing the
kinetics and thermodynamics of a certain reaction (212; 213). In this instance, electrochemistry
is utilized to characterise the electroanalytical performance of the conductive microneedle
patches and laser induce graphene substrates. It was also used to trigger the release of drug
conjugates in addition to discretely determining their presence thus enabling controllable
release. This is accomplished by oxidising or reducing a drug tether at the electrode interface
at suitable potentials. It is widespread practice from an electrochemical perspective, to modify
the working electrode to enhance sensitivity by either chemical (214) or physical (215) means.
In this work, a number of surface modification methods have been utilised and are detailed

within the relevant sections. Electrochemistry is favourable when compared to traditional



48

laboratory analysis as a range of electrode types can be used regardless of size, cost, and

application (216).

3.2 Fundamental Electrochemistry

3.2.1 Underpinning Concepts

A basic understanding of electrochemistry is critical to the work presented herein as it allows
the inter-relation of chemical reactions induced by the transfer of an electrical current to be
employed in the design of new biomedical devices. The processes that can influence the
transport of charge across electrode-solution interface are of particular importance as
proposed devices are, ultimately, intended for direct contact with the skin and underlying
interstitial fluid. A host of variables can affect electrochemical behaviour and can include: the
material used to construct the device, the composition (and condition) of the interface, mass
transport effects and electrical factors such as the potential applied and current obtained. The
electrode reaction occurs when electrons are transferred to or from the electrode material

being employed. Consider the electrode reaction in Equation 3.2.

O+ne-2R Eq 3.2

This will consist of a sequence of transitions ultimately causing the conversion of O to its
reduced form R. These steps are highlighted in Figure 3.2.1.1. In this case, the rate of the

electrode reaction tends to be controlled by:

i) mass transport (transfer of O from solution bulk solution to the electrode);

ii) the rates of any associated chemical reactions;

i) the electron transfer kinetics at the immediate electrode-solution interface and;

iv) any other additional reactions that may occur such as adsorption and desorption.
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Figure 3.2.1.1 Typical electrode reaction and the sequence of steps involved.
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The electrode reaction is driven by the application of an external potential. The latter has the

effect of altering the energy of the electrons within the given electrode material. Hence, the

energy of the electrons can be increased by imposing more negative potentials (via control

from a potentiostat). The consequent flow of electrons from the electrode to the solution

commences when their energy is greater than the lowest unoccupied molecular orbital

(LUMO) of the target analyte (217; 218). This results in the production of a reduction current as

indicated in Figure 3.2.1.2A.

In a similar manner, the application of a positive potential bias results in the electron energy

being lowered below the highest occupied molecular orbital (HOMO) of the target analyte and

thereby favours its oxidation at the electrode interface (Figure 3.2.1.2). These critical

potentials are determined by the standard potential (E°).
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Figure 3.2.1.2 Schematic highlighting the reduction and oxidation processes of a target analyte in

solution. Where (A) represents a negative potential raises the Fermi level (EF) of the electrode and

thereby the reduction of the analyte; (B) highlights the lowering of the EF of the electrode by a positive

potential bias thereby inducing oxidation of the analyte.

The relationship between the equilibrium potential (Eeq), and the concentrations of reactants

in the electrode reaction defined earlier in Equation 3.2 is described by the Nernst Equation

(219; 218):

Where:

Eeq = equilibrium potential of the electrode reaction;

E° = standard potential of the reaction couple;

R = universal gas constant (8.31447 J K" mol");

T = temperature (K);

n = number of electrons transferred per molecule (or ion);

F = Faraday constant (96485 C mol™) and;

a = activity of the respective oxidised/reduced species (Ao/AR).

Eq 3.3
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Thus, the potential established at the electrode, under equilibrium conditions, can be obtained
by the standard potential and the activity ratio of the reactants involved. It must be noted
however that the Nernst equation is only applicable to reversible systems at equilibrium. The
latter refers to a given process which is capable of movement in either of two opposite
directions from the equilibrium position. In practical terms, it can be achieved in cases where
fast electron transfer is possible between an appropriate electrode and the target analyte. At
thermodynamic equilibrium, both the rates of oxidation and reduction are the same and hence

zero current results.

In conventional applied electrochemistry, it can be problematic to deal with activities when
attempting to interpret or elucidate electrode processes due to uncertainties in activity
coefficients (y). As such, the formal potential (E?) is introduced into the Nernst equation and
is intended to act as bridge between standard potential and the activity coefficients. This allows
the concentration of the redox reactants to the electrode interface to considered as equal to

those in the bulk solution. Hence for species X with a concentration [X] mol/L, the activity is:

Ay = Yx[X]
Eq 3.4
If this is substituted into the Nernst Equation (Eq 3.3):
0 RT  volOlpuik
E,=E +nFlny R
R puik Eq 3.5

This can be simplified to:

+ RT |O
E;y = E° +—ln—[ o

nF  [Rlpuk
Eq 3.6
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Where:

' RT
E% = E° +—lny—0
nF  yr
Eq 3.7

In this case, [X]wu is the concentration of x within the bulk solution while yy is the corresponding
activity coefficient. It must be noted that E® will vary from one medium to another as the activity
coefficients are influenced by ionic strength. The Formal potential is determined through
experiment so it must also be noted that it will be dependent on factors related to the various
ion interactions. The equations highlighted here enable a prediction of the possibility of an
electrode reaction occurring, but the rate of the electron transfer will dictate whether or not it

occurs in practice.

3.2.2 Electron Transfer Kinetics — Butler Volmer Equation

The electron transfer kinetics for a given electrode process can be greatly influenced by the
imposition of a potential at the electrode. Quantitative measurements of the heterogeneous
electron transfer rate constant are critical when attempting to interpret the effects of an

electrode reaction. Consider the general electrode reaction:

kred
O(aq) +e~(m) =—= R(aq)

0X

Eq 3.8

Where the forward and reverse reactions have first order rate constants kieq and kox
respectively. The reduction and oxidation currents ireq and iox from reaction denoted in Eq 3.8

can be predicted by:

ireq = —FAk,.q[0], Eq 3.9

iox = FAkox[R]O Eq 3.10
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where kweq[Olo and kox[R]o represent the fluxes of respective reactants to the electrode
interface. The net current (i) for the overall reaction is the sum of the forward and reverse

currents:

Hence:

i = FA(kox[R]o — krea[O0]o)
Eq 3.12
The transition state model in Figure 3.2.2.1 can be used to illustrate the chemical transition
and kinetics and brings together the influence of applied electrode potential on the rate
constants. It can be seen in Figure 3.2.2.1 that the reactants [Oq) + € (m)] must overcome an

energy barrier in order to transform into the product Raq) (220).

AG?fed

f

O(aq)+e’(m)

AG;

G/ J mol’!

R(aqj_

Reaction coordinate

Figure 3.2.2.1 Free energy (G) plot for the reduction of species O(aq) to product Rag).
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Employing transition state theory, the rate of the reduction reaction (keq) is by the transition

—AGI

red

Krea = AeXp | —prm—

Eq 3.13
Here AG..q* is the free energy of activation and A is the “frequency factor”. Given the reaction
depicted in Eq 3.7, the activation energy for the reduction reaction will be:
<5 _ +
AG! , = G* — G,

re Eq 3.14

This is the free energy change between the reactant O and the transition state (G*). Also, the
free energy associated with the oxidation is the difference between the free energy of R and
the transition state as per:

AG;:x = G* - Gred Eq 3.15

If the potential of the electron transfer reaction, shown in Eq 3.8, is changed to a new E from
its equilibrium potential (Eeq), the relative free energy of an electron on the electrode will
change by:

AG = —nF(E — E,,) = —Fn e 316

This introduces the overpotential n which is the deviation of E from E¢q and can be considered
a driving force of the current. The overall Gibbs free energy for the reactants (O + €7) G.x is
given by the standard Gibbs free energy of the reactants G,.° and a function of overpotential
(Eq 3.16). In this case, the free Gibbs free energy for the products stays the same (Eq 3.18)
as no electron is included in the product component.

Gox = ng & (—FU)
Eq 3.17
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Eq 3.18

It must also be recognised that the free energy of the transition state G* is also altered by the

overpotential:
GF =G + (—(1 — a)Fn) Eq 3.19

Where a denotes the transfer coefficient. This relates to the sensitivity of the transition state
to the applied overpotential. The value of a can range from 0 to 1, depending on the shape of
the intersection region. In general, the value of a tends to be taken as 0.5 for many reactions.
A simplified model, shown in Figure 3.2.2.2A, is typically used to demonstrate a linear

relationship between the free energy change and the imposed overpotential.
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Figure 3.2.2.2 A) Influence of applied potential on the activation standard free energies for the
reduction and oxidation reactions, B) is simply a magnification of the intersection region depicted in

figure A.

The application of an overpotential will alter the free energies of the reactants and the

transition state and, as such, the activation energies will vary accordingly. The activation

energies for reduction and oxidation process are given by:

o = AGYY, + aFy

AC;:[:
e Eq 3.20

re

AGY, = AGY: — (1 — a)Fn £q 3.21
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In terms of experimental practice — it is often better to demonstrate that the rate constants
depend on the overpotential. Hence, by substituting Eq 3.20 into the previous equation relating

to the reduction rate constant (Eq 3.13) it is possible to write:

~AGyeq —aFn
Krea = Aexp | —pr— exp( RT )

Eq 3.22

Likewise, a similar argument can be made for the oxidation rate constant:

—_AG™? 1—a)F
- 5 ox (( ) n)

RT

Thus, if overpotential (n) independent constants of k...° and k,,° are employed in the Eq

3.22 and 3.23, the rate constants can be simplified to:

—aFn)

kred = krc‘)ed exp (T

Eq 3.24

(1- a)Fn)

kox - kgx exp( RT

Eq 3.25

Where:

—AGox

k. = Aexp ==

Eq 3.27

From this, it is clear that rate constants for the electron transfer processes are proportional to

the exponential of the overpotential and hence the rate of electrode reactions is in fact variable
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on the magnitude of the applied potential. This can lead to the Butler-Volmer equation which
serves as a versatile tool in understanding the nature of voltammetric profiles obtained at the
electrodes (218; 220; 221; 222). The Butler Volmer equation brings together the net current,
overpotential and the transfer coefficients and provides a complete description of the current-

potential relationship (substituting Eq 3.26, Eq 3.27 into Eq 3.12):

Q=i ( [R]o = {(1 = Q)FU} _ [0]o ox {_aFUD
"\ [Rpui 2 RT [O]puik PURT £
q 3.28

Where:

In this case, ig is the standard exchange current which can be thought of as a scaling factor
and the standard rate constant (k°) is a characteristic of the redox couple under investigation.
The Butler Volmer equation (Eq 3.28) is significant in almost every occasion and when the

solution is well stirred and thus the surface concentrations equal the bulk values it can be

. (1-a)Fn —aFn
i (eXp {R—T} - eXp}( RT }>

simplified to:

Eq 3.30

3.3 Mass Transport Mechanisms

Molecular movement is characterised by three main types: diffusion, migration, and convection
detailed below. During electrochemical reactions, the electrode interacts with the electrolyte
solution and the rate at which these reactions occur depends on the potential difference.
However, the rate of transport towards the electrode (as indicated in Figure 3.2.1.1) also plays

a role on the rate of reactions at this boundary.
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3.3.1 Diffusion

Diffusion is the movement of molecules from an area of high concentration to an area of low
concentration which is defined by Fick’s first law detailed in Equation 3.30. A concentration
gradient is established enabling diffusion at the electrode surface when the concentration of
the analyte is less than of the bulk solution or vice versa and can be considered in terms of
products of chemical reactions illustrated in Figure 3.4.1.1. Diffusion drives material from the
bulk solution towards the electrodes surface simultaneously moving the resultant products
away from the electrode surface allowing reactions to continue. Fick's second law defines

diffusion in terms of time and is detailed in Equation 3.32 (223).

l WE

N e——— Reactants

gt |
s . Products

Figure 3.3.1.1 Impact of diffusion on movement of analytes during electrochemical reaction.

Eq 3.31
é‘ci
Flux = —D; o
Where:
Di = diffusion coefficient (cm?/s) of particle i;
% = concentration gradient at a distance x.
Eq 3.32

—=D
&, Sx2
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3.3.2 Convection
Convection refers to the hydrodynamic transport of particles in a solution that can occur due
to density gradients or by making use of mechanical forces like stirring or vibration. Convection

is the most efficient mode of mass transport.

3.3.3 Migration

Migration is the movement of ionic solutes due to the application of a localised electric field for
example, when a positive potential is applied negative ions will be attracted to the electrode
and negative ions repelled vice versa in Figure 3.3.3.1. In order to reduce the effects of
migration during electrochemical analysis it is imperative that the electrolytic solution contains
a high concentration (typically 0.1 M) of inert electrolytes. The inert electrolytes would carry
most of the charge from the electrodes surface thus leaving the electrochemical species of

interest unaffected by migration.

‘ Cathodic potental ‘
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Figure 3.3.3.1 lonic behaviour when cathodic potential is applied.

3.4 Electrochemical Instrumentation

A computer controlled potentiostat is used to perform most electroanalytical experiments
(Figure 3.4.1A) and typically applies a three-electrode system (Figure 3.4.1B). The latter
consisted of a working electrode (WE), a reference electrode (RE) and an auxiliary/counter
electrode (RE) where a potential is applied to the working electrode — controlled by the
potentiostat and measured relative to reference electrode (218; 224). The significance of each

electrode is discussed in turn.
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Figure 3.4.1 Schematic of A) a generic potentiostat and B) a conventional three electrode cell.

3.4.1 Working Electrode

The working electrode is of particular interest during electrochemical investigations as this is
the location of all significant redox reactions and where electron exchange occurs. The
working electrode has an abundance of possible compositions and configurations with
common examples being gold, carbon and palladium which can be customised for their role
in terms of shape and size, for example the working electrodes employed in this project are
carbon-based microneedle arrays and laser induced graphene. When selecting a WE, factors
that should be considered are the potential window, catalytic functions, electron kinetics,
stability, cost, and size. For instance, fast electron kinetics enables the current flow at the
theoretical oxidation potential giving sharp peaks and precise control of the voltage to avoid
damage to the electrode or, in the case of this project, unwanted degradation of the drug.
Additionally, the material used must be inert, so that any electron exchange is a consequence
of the redox reactions. Contamination is a concern for electrode performance and can impact
resulting data. The working electrode can be cleaned by polishing or can be enhanced
electrochemically by means of anodisation which also decreases the potential required to

initiate the redox reactions.
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3.4.2 Reference Electrode

The reference electrode is necessary for two and three electrode systems, as it provides a
constant and stable potential such that the potential of the working electrode can be
reproducibly controlled. Numerous types of reference electrodes are available, in this project,
however, a silver-silver chloride (Ag/AgCl) shown in Figure 3.4.2.1 is used exclusively. The
reference electrode acts as a half cell and consists of a silver wire coated with precipitated
silver chloride. The wire is enclosed in a glass tube containing 3 M potassium chloride (KCI).
This internal potassium chloride solution provides a stable environment isolated from the

reactions at the working electrode by way of a porous frit.

g

<— AgCl

Ag wire

Potassium chloride, L

silver chloride solution ; Porous it
Figure 3.4.2.1 Components of the commercial Ag/AgCl half cell reference electrode.

Within the reference electrode, rapid, reversible reactions occur to make adjustments in order
to determine the changes in ionic behaviour in the working solution. The electromotive force
(EMF) is established from the maximum difference in redox potentials and, along with standard
potential, the cell potentials from two half cell reactions can be calculated more easily. The
Nernst equation represents the relationship between the electrochemical cell potential, the
relative redox behaviours, and the standard potential in a cell. When applying the Nernst
equation to the reference electrode in Equation 3.33, n is set to 1 and the redox reactions are

substituted with their more experimentally accessible concentrations.
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Eq 3.33
AgCles) + e-= Agt(aq) + Cl'aq) E0o=0.222V

_ 2303RT _ [B]

nF Al

po_ 005916 log [Ag][C1 (ag)]
1 [AgCls)]

E = E° —0.05916 log [Cl(aq)]

Where the constants are the same as those documented earlier in Equation 3.3. The equation
above confirms that the electrode potential due to the redox reaction arising in a Ag/AgCI
reference is exclusively dependent on the concentration of chloride ions (when at a constant
temperature). Therefore, to ensure a proportional relationship is maintained, the (3 M)

potassium chloride solution is integral.

3.4.3 Counter Electrode

The primary function of the counter/auxiliary electrode is to prevent current from passing
thought the reference cell. The reference is vulnerable to being damaged by large currents
which would result in changes in its potential, thus, becoming an unreliable comparison for the
working electrode. Three electrode systems make use of a counter electrode which are very
conductive, inert materials like platinum. The mechanism in which the counter electrode
operates is that, when a potential is applied to the working electrode to initiate the redox
reactions, the current will flow through the counter rather than the reference electrode which
will complete the electrical circuit. The opposite reaction to that of the WE occur in the CE, for
example, when the WE is oxidised, the CE is reduced. Hence, the material must be inert, so
as to not influence results obtained. In this project a platinum wire is used as the counter

electrode for three electrode systems unless stated otherwise.
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3.5 Electrochemical Techniques

3.5.1 Potential Step Chronoamperometry

Amperometry can be considered as a basic potential step experiment. The generic waveform
is highlighted in Figure 3.5.1.1 where the potential E1 is typically assigned a value where no
electrode reaction happens. The potential is then “stepped” to a second potential, E2, in which
a faradaic process is induced at the electrode interface. As a consequence, a current is
produced and monitored continuously over a set time period. The general current-time profile
is detailed in Figure 3.5.1.1B where, following the imposition of the step potential (E2), a large
current spike is observed which then steadily decays with time. The concentration of the target
analyte at the electrode surface will be the same as the bulk prior to the imposition of the step
potential but, upon stepping to E2, it will be consumed immediately (in this case an oxidation).
A concentration gradient is therefore present and the unoxidized target must diffuse to the

electrode surface.

E2 applied
> E2 [~ e
- s Current
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Figure 3.5.1.1 A) Single step amperomertic waveform. B) Generic amperometric response profile for

an oxidation process.

The magnitude of the current will be controlled by the electrode area, initial concentration of
the target analyte and the rate by which fresh analyte can diffuse to the electrode. The latter
is dependent upon the concentration gradient which will drop as the electrode reaction
continues with time and, as such, the current drops as a consequence. A quantitative

evaluation of the relationship between observed current, /, (in this case taking a reduction
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process as an example) and reaction time, f, can be achieved by substituting i = nFAk:.q[0]

(Eq 3.9) into Fick's Second Law (Eq 3.32). This yields the Cottrell equation (224; 225; 226):

Eq 3.34

Where n = number of electrons being transferred per reaction and [O] represents the bulk

concentration of reactant O.

3.5.2 Cyclic Voltammetry

Cyclic voltammetry is the main diagnostic technique applied in the present project and is used
to characterise the electrochemical properties of microneedle substrates and laser induced
graphene films. It is also employed to elucidate the reaction mechanisms associated with the
electrode promoted drug release where the application of an electrochemical potential can
induce a chemical reaction at the electrode interface. The technique is based on a triangular
waveform (Figure 3.5.2.1) where the potential is varied linearly across the working electrode
from a defined potential E1 to a second potential E2 and then swept back to E1 at a constant

rate — the scan rate (218; 220; 224).
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Figure 3.5.2.1 Waveform for a conventional cyclic voltammogram where E1 is the start and end point

and E2 is the switching potential.
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This potential is controlled and applied by a potentiostat and the current across the working
electrode due to the redox reactions of the analyte of interest is traced, known as a cyclic

voltammogram.

Oxidation

Current A

: Reduction
P

E1 E. E. E2

Potential V

Figure 3.5.2.2 Classic “duck” shaped cyclic voltammogram for a reversible electrode process.

The potentials are typically predetermined by the user in cyclic voltammetry to ensure the full
“duck shaped” profile of the redox reactions can be seen. As seen on Figure 3.5.2.2, initially
as the anodic sweep begins the potential does not meet the analytes threshold for oxidation
(a). When this threshold is met known as standard potential onset (Eonset), the current
increases exponentially to a maximum current known as anodic peak current (ipa) at a potential
known as anodic peak potential (Ey,a) which is driven by the electron exchange due to the
analyte being oxidised at the working electrodes surface (b). The steep increase of the current
is determined by electron kinetics and less so the rate of diffusion of the oxidant to the
electrodes surface. When Eq» is met, the oxidised and reduced species are at equal
concentrations satisfying the Nernst equation E = E12. With subsequent sweeping of the
potential, more of the oxidant is depleted creating a concentration gradient creating the peak

witnessed in the trace (c) as the current from the depletion of the oxidant is greater than the
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increase due to the oxidisation reaction. Following i.a, the current from the more positive
potentials is counteracted by diminishing flux of analyte from further distance from the
electrode surface. Mass transport is the limiting factor for the current at this point decreasing
the current until the potential reaches the defined end potential (d). When the defined potential
is met the cathodic sweep begins towards more negative potentials. In the beginning of the
cathodic sweep, the analyte continues to be oxidised until the potential reaches a value where
the oxidised analyte at the electrode surface can be re-reduced (e). The reduction process
mirrors the tract of that for oxidation only differing in direction and similarly a cathodic peak

current (ipc) is witnessed at the cathodic peak potential (Epc) (f).

Cyclic voltammetry traces offer an abundance of information about the electrochemical system
and analyte — particularly in terms of reversibility of the redox probe at the substrate (220; 224).
A systems ability to be reversible depends on its electron transfer kinetics, if the system can
abide by Nernstian behaviour i.e., the oxidative and reductive species are at equilibrium at all
stages/potentials of the experiment then it is reversible however this is not typical, and systems

can be quasi-reversible or irreversible shown in Figure 3.5.2.3.

Quasi - Reversible

Reversible .
Irreversible

Current/ pA

b 7
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Figure 3.5.2.3 Typical trace from reversible, quasi-reversible and irreversible systems.



67

A quasi-reversible response requires a greater potential (positive or negative), known as an
overpotential (as described earlier in Section 3.2.2), to induce oxidation or reduction resulting
in an extended voltammogram. Similarly, an irreversible system requires a larger overpotential
to initiate redox reactions which is characterised by the maximum peak separation been
oxidation and reduction if the latter is visible. Here the electron transfer kinetics are insufficient
to maintain equilibrium of redox species. In addition, if there are no electroactive species

present, no peaks can be seen and only background capacitance is displayed.
Electrochemically reversible systems follow discrete rules, for instance (218; 220; 224):

e Peak-to-peak separation (AEp), which is the potential difference between anodic and
cathodic peak must equal 59/n mV, where n is the number of electrons transferred
during a chemical reaction;

e The anodic and cathodic peaks must have a ratio equal to 1;

o Peak currents must be proportional to the square root of the scan rate.

Something that has not been fully discussed, is the role of scan rate, v, which controls the rate
at which potential is swept. Higher resultant currents are detected with a faster scan rate, as
there is less time for analytes to diffuse away from the electrodes surface. Electron transfer
increases with increasing scan rates also resulting in a greater current magnitude, in fact, the
relationship is denoted in Randles-Sevéik Equation 3.35, can determine if a reversible system

is due to the diffusion of an analyte or an analyte being adsorbed (218; 220; 224; 227; 228).

Eq 3.35

1
2

nFvD,
I, = 0.446 nFAC® ( )

RT

Where:

n is number of electrons transferred;

F is Faraday constant (96485 C mol™);
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A is electrode surface area (cm?);

Co is concentration (mol cm™);

v is scan rate (V s™);

Do is diffusion coefficient of the oxidised analyte (cm2 s™);
R is gas constant (8.314 J K™' mol");

T is temperature (298.15 K).

When the analyte is adsorbed onto the electrode surface/is not limited by diffusion, the derived
current will be linear to the scan rate. In this instance, the analytes concentration C, can be

calculated using Equation 3.36.
Eq 3.36

; n2F2T,
P ART

3.5.3 Square Wave Voltammetry

Similarly, to cyclic voltammetry, square wave voltammetry uses a three-electrode system, and
the current is recorded as a function of the linearly swept potential applied to the working
electrode. However, the potential applied for square wave is a staircase waveform or a square
wave shown in Figure 3.5.3.1 meaning that the potential leaps with each step and the polarity
is reversed halfway through a full waveform inducing oxidation and reduction peaks. The
polarity/direction of the potential is referred to the forward pulse and the reverse pulse. The
time to complete a full square wave period is annotated by 1 which is inversely proportional to

the frequency in Hertz (Hz) typically 1 to 125 Hz.



69

Pulse Height, Ep
Step Height, Es
Pulse Period, t B

Cathodic Pulse
—>
le—>!
es]
w2

Potential

Time
Figure 3.5.3.1 Potential applied during square wave voltammetry in relation to time.
The scan rate (v) can be calculated by Equation 3.37 below:

Eq 3.37

Estep

Where:

v is scan rate (mV/s);

Eswep is the step potential (mV);
T is wave period (S).

The current is recorded at the end of the forward pulse and the end of the reverse pulse and
the resultant current (Al) that is displayed on a square wave voltammogram is the difference
in the oxidation current and reduction current due to the switch in polarity during the waveform,

illustrated in Figure 3.5.3.2.
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Figure 3.5.2.2 Resultant square wave voltammogram taking the switch in current direction.

A wealth of information about an analyte can be determined from square wave voltammetry,
for example the peak height from the voltammogram is proportional to the concentration of

electroactive species in solution, demonstrated in Equation 3.38.

Eq 3.38

1
nFAD2C

= —— X Ag,
(”tp)z

Where:

Aip is differential peak current (A);

tp is pulse width (s);

Ay is dimensionless peak current;

and all other symbols have their common meaning.

Square wave voltammetry is not influenced by capacitive current as cyclic voltammetry as the

current is recorded twice in each pulse and there is a delay in current measurement, allowing



71

ions to reorganise at the electrodes surface. For instance, the Faradaic current, which is due
to electron transfer between electrode and analyte is measured during square wave, unlike
cyclic where both the Faradaic and capacitive currents are recorded. The reduced influence
of capacitance in square wave results in a higher sensitivity as trace concentrations can be

suppressed by capacitive background during cyclic voltammetry.

3.6 Surface Characterisation Methods

Many spectroscopic methods were used during this project, and in general spectroscopy is
the study of how atoms and molecules interact with electromagnetic radiation and that

information can quantitatively understand the sample.

3.6.1 Raman spectroscopy

Raman spectroscopy is a technique that measures the intensity of Raman scattered radiation
as a function of its frequency difference from the incident radiation, usually in units of wave
numbers, this difference is the Raman shift. It has several uses for example identifying
unknown compounds, identifying polymorphs, tracking changes in molecular structures,

tracking changes in crystallinity, and evaluating magnitude of residual stress to name a few.

The technique is carried out by applying a laser beam to a sample which induces the
polarisation of the sample. This polarised condition is known as a “virtual energy state” which
is volatile and unstable. The virtual energy state quickly re-radiates upon relaxation emitting a
photon or scatter, which can be characterised as Rayleigh scatter which has the same
excitation energy as the incident radiation, stokes where the sample relaxes to its first
excitation level therefore has lower energy than the incident radiation and anti-stokes when
the relaxation emits higher energy radiation than the incident radiation. The characterisation
of excitation and relaxation of the electrons is demonstrated in Figure 3.6.1.1 and Figure

3.6.1.2 below.
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Figure 3.6.1.1 Diagram of Raman scattering processes. The lowest energy state is denoted as m with
energy levels increase upwards. Energy of incident radiation (upwards arrows) and energy of

scattered radiation (downwards arrows) posses’ larger energy than the vibrational states.
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Figure 3.6.1.2 Difference in energy of incident radiation and scatter radiation for different Raman

processes.

The profile produced via Raman spectroscopy is specific to the sample as information on
vibrational modes of the molecule is gathered which display the structure and composition
encoded in a set of frequency shifts in Raman scattered radiation providing a “fingerprint” of
the sample. Throughout this project Raman spectroscopy was preformed using a Renishaw

Raman Microscope (20x objective lens) with a 532 nm laser operating at 10 % power.
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Graphitic samples have a characteristic Raman spectrum, defined by two sharp modes: D
peak (around 1350 cm™) and G peak (1580-1600 cm™). The D peak occurs due to out-of-
plane vibrations due to defects within the lattice structure thus indicates level of disorder. High
levels of disorder are favourable for electrochemical electrodes as there are more available
sites for electron transfer. The G band, however, reports on the graphitic in plane vibrations of
sp? bonded carbon atoms owing to C-C bond stretching. Raman spectroscopy is a sensitive
technique, which can indicate the presence of impurities or changes to lattice structures.
Distinctions can be made between graphite and graphene spectra, the latter has a distinctly
sharp 2D peak (1610 cm™') where the G peak splits into 2 peaks. The ratio between D and G
peaks (I(D/G) determines the number of defects in a sample, for example, a higher 1(D/G)

means more defects within a sample.

3.6.2 Scanning Electron Microscopy

A scanning electron microscope (SEM) utilises a high energy, focused beam of electrons to
produce a high-resolution image of a solid sample — rather than light that is typically used. It
is a powerful magnification tool, where images of a sample’s morphology and topography is
detailed due to the interactions between the atoms of the sample and the electrons applied.
The typical configuration of a SEM and the electrons route of travel is displayed in Figure

3.6.2.1 and the SEM used in this project is a SU5000 FE-SEM (Hitachi, Japan).

The primary components of a SEM are the electron source, the electromagnetic lenses and
the electron detector that computes the signal onto images on the display screen. The
electrons are produced thermionically by a tungsten filament within the gun. As a potential is
applied, the filament heats up generating electrons that accelerate towards the anode and
through the lenses and apertures onto the sample. During operation, the sample chamber and

column is kept under vacuum and the sample is scanned.

A range of electrons are emitted (secondary, backscattered, Auger electrons and X-rays) due

to the collision of the primary electrons onto the surface of the sample.
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Figure 3.6.2.1 Scanning electron microscope configuration and electron path.
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Secondary electrons are released due to the energy transfer during the inelastic collision
between primary electrons and loosely bound outer electrons of the atoms, which are excited
and expelled. The intensity of secondary electrons is dependant the morphology and
topography of the sample of interest and gives information on such characteristics. In contrast,
backscattered electrons are produced by elastic collisions which indicates the atomic number
of the sample hence its elemental make-up. Finally, X-rays are emitted when inner electrons
are excited by the incident electrons. When this happens, the higher energy electron is forced
to replace the detached electron leading to energy emanation. This energy is then taken up
by another electron, known as an Auger electron which is subsequently released. The
combination of emitted X-rays and Auger electrons provides information about the superficial

composition of the sample. The signals are detected, and an image is produced.
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Samples investigated using SEM must be conductive as electrons are used to produce
signals, if a sample was insulated then charging would occur. If a material is a poor conductor,
it is common practice to sputter coat the sample with gold, palladium, or carbon. It is also
imperative that a sample can withstand being under vacuum for long periods of time. SEM is
a non-destructive technique as the bombardment of electrons does not result in volume loss,

therefore a sample can be reused and analysed repeatedly.

3.6.3 Energy Dispersive X-ray Analysis

Energy-dispersive X-ray spectroscopy (EDX) analyses the elemental composition of a sample
and is generally attached to an electron microscopy instrument such as transmission electron
microscopy (TEM) or scanning electron microscopy (SEM). The mechanism through which
EDX functions is high energy electrons are focused onto a sample expelling inner electrons.
An electron from a higher binding energy fills this hole, replacing the ejected electron, which
in turn emits an X-ray of the difference of the electron binding energies. The energy of the
emitted X-ray is unique to each element, therefore, a “fingerprint” spectrum can be obtained.
Moseley’s law declares direct correlation between the frequency of the emitted X-rays and the
atomic number of the atom under analysis. Hence, EDX is valuable in identifying the elements
are present and to what extent. In this project the Scanning electron microscope (SEM)
employed is SU5000 FE-SEM (Hitachi, Japan) and Energy-dispersive X-ray (EDX) analysis
was carried out using a X-Max silicon drift detector (Oxford Instruments, UK) attached directly

to the SEM analysis chamber.

Numerous combinations of electron movements can occur following bombardment from X-
rays shown in Figure 3.6.3.1. Siegbahn notation is used to help describe these phenomena,
letter K, L and m refer to the n value the electrons have where K is the closest to the nucleus,
while a and B indicate the size of the transition. For example, relaxation from Mto L, or L to K
is noted as Lq or Kq, the opposite is true for transitioning from M to K which is denoted as Kg.

EDX spectrometers are often equipped with an electron microscope like a scanning electron
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microscope (SEM) where elements can be mapped on top of electron images. The mapping
feature is utilized in this project as well as a graphical output of energy in keV versus peak

intensity. The location of peaks indicates the atoms present.

Incident electron

nucleus photoelectron
K

electron
Figure 3.6.3.1 Electron transitions that can occur from bombardment from electrons.

3.6.4 X-Ray Computed Tomography

Computer tomography (CT) uses X-rays to acquire two-dimensional cross-sectional images
of a three-dimensional sample. These images are taken at various angles and reconstructed
to produce a three-dimensional illustration that that can be sliced to view the internal structures
without destroying a sample. The mechanism works by applying a fixed X-ray source onto
sample as it passes through towards the detector that measures how the sample interacts
with the X-rays that rotates 360° on a single axis. The core components of a CT scanner are
the X-ray source which supplies X-rays at variable energies (generally between 70 — 150 kV),
the sample stage and the detector. Higher energy X-rays have more penetrating power than
lower energy photons and the potential selected depends on the density of the material of the
sample. It is notable that the X-rays produced are not monochromatic, but a spectrum of
energies. Generally, the lower energy X-rays do not produce an image and are filtered out

before reaching the detector. In this project the cross-sectional images of microneedle arrays
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were obtained from Bruker Skyscan1275 micro computed tomography (Micro CT). The images
are of a lower resolution than two-dimensional imaging techniques, however, the ability to slice
the sample to view internal structures is useful to view layered microneedle structures

discussed in Chapter 4.

3.7 Surface Modification Techniques

3.7.1 Electrochemical Anodisation

The process of anodising an electrochemical electrode is widespread technique to enhance
its performance during electroanalytical methods. Anodising introduces additional oxygen
functional groups to the surface of the electrode which can result in changes in the crystal
structure of the samples layers and microscopic texture. Thus, more edge plane sites are
created enabling and increase in the rate of electron transfer kinetics, improving sensitivity
and voltammetric response. Anodisation is a simple procedure that is accomplished by using
chronoamperometry, mentioned in Section 3.5.3, whereby +2 V potential is applied to the
working electrode for a set time in 0.1 M sodium hydroxide (NaOH) solution. Through the
application of an anodic potential at the working electrode, oxygen is generated, and hydrogen
is released at the cathode. The oxidation processes promote nucleophilic attack on the carbon
surface leading to an influx of oxygen functionality. These attacks also result in microscopic
changes on the surface and the crystalline structures just below the surface leading to more
exfoliation of the layers and increase in edge plane sites (229; 230; 231; 232; 233). Details of time

and electrode are discussed in relevant chapters.

3.7.2 Laser Ablation

The term “laser” is an acronym of light amplification by stimulated emission of radiation which
concisely describes how a laser functions. There is a plethora of laser types, such as “YAG”,
diode and CO; to name a few, however they all function with the same core elements. The

electrons within the lasing medium are stimulated into an excited state two or three levels
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above the ground state, until population inversion is achieved, where more electrons are in an
excited state than the ground state and when these excited electrons relax, photons are
emitted. The photon emitted depends on the state of the electron’s energy before the photon
is released. The photons released from a laser are monochromatic and coherent meaning
they have the same energy and are released in unison producing a fine, concentrated beam
of unidirectional light, this is because the emission is not spontaneous but stimulated. At either
end of the laser medium there are mirrors reflecting the photons back and forth which, in turn,
stimulates more electrons producing a cascade effect and once one of the mirrors has “half-
silvered” allowing some light to pass through, the resultant beam is the laser light that is used

to cut material or in the case of this project, induce the formation of graphene on polyimide.

A CO; laser emits photons of around 10600 nm, in the infrared region of electromagnetic
spectrum which produces heat, it essentially melts material to cut it or burns material in the
case of graphene production. The high temperatures burn the carbon in polyimide film which
releases gases producing the thin, porous layer of carbon known as laser induced/scribed

graphene (234).

Laser ablation of polyimide to produce laser induced graphene and of conductive microneedle
arrays to produce carbon nanotube-like fibres was achieved using a ULS VLS 2.30
commercial CO; laser. The laser was typically in raster mode, at a power of 30 %, a speed of

40 %, resolution 1000 pulse per inch (PPI) unless stated otherwise in the relevant chapters.

3.8 Assay Validation Methods

3.8.1 Ultraviolet-Visible Spectrophotometry

Ultraviolet-visible (UV-Vis) spectrophotometry measures the absorption of light within the
ultraviolet and visible ranges (200-800 nm) used in many areas of science. This technique
provides quantitative data to determine the presence of an analyte in a solution or how it

interacts with light. It calculates how much light a substance absorbs, this is achieved by
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measuring the intensity of light that passes through a sample (I) with regards to the intensity

of light passed though the solvent known as the reference (l,). The absorbance is plotted ( A =
logIT") versus the user-defined wavelength range in nm. A ThermoScientific Genesys 150

dual-beam spectrometer (2 nm bandwidth) was used during this project to acquire UV/Vis

spectra.

The parameters that are important when selecting a solvent for UV-Vis are whether it absorbs
any of the light emitted, therefore common solvents include water, ethanol, and cyclohexane.
Additionally, compounds that express high absorptivity, should be diluted to ensure the
absorbance is within the detectable range which is no greater than 1.5. Although UV-Vis can
help to identify if an analyte is present, likewise, the concentration of analyte can be calculated.
Absorbance is proportional to the molar concentration of the solution, displayed in Equation

3.39 below.

Eq 3.39

"

aQ
*
o~

Where:

€ is the molar absorptivity coefficient;

A is the absorbance;

c is the concentration of the sample (mol/L);

L is the length of light path through the cuvette in (cm).

Within this project UV-vis spectrophotometry was used to characterise absorbance spectra of

drugs and compounds as well as determining the release profiles of selected drugs.
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Chapter 4

Laser Ablation of Nanocomposite Microneedles for Enhanced
Electrochemical Performance Combined with Dual-layer

Microneedle Approach using Biocompatible and Dissolvable Array

Overview

This chapter investigates an alternative method to improve the electrochemical properties of
polystyrene-carbon (Ps-C) microneedles (MN) by way of electrochemical anodisation and
laser ablation. Various techniques are used to assess the suitability of the laser modification
method such as cyclic voltammetry, Raman spectroscopy, energy dispersive X-ray analysis
(EDX) and scanning electron microscopy (SEM). In addition, a multi-layered approach is
investigated using a cellulose acetate phthalate (CAP) microneedle as means to create
microchannels for interstitial fluid to access to a secondary layer containing a laser modified

microneedle for sensing and controlled drug delivery applications.
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4.0 Introduction

Wearable sensors have become a trending topic in relation to monitoring a patient’s health
status, resulting in rapid innovation of point-of-care devices. This is especially prevalent within
disease treatment, whereby a “closed loop” feedback system between sensing and therapy is
bridged thus enhancing care management (235). Electrochemical sensors are ideal candidates
for health status monitoring due to their exceptional analytical properties, for example, fast
response time, high sensitivity, and adaptability, as well as being miniature, simplistic, and
inexpensive (236). The most common embodiment of electroanalytical sensors has been
planar screen-printed electrode (SPE) systems as typified by the commercial success of home
glucose monitors. More recently, 3D systems based on conductive microneedles have been
employed where they bring a number of procedural advantages over SPE configurations —
particularly in terms of being able to directly access interstitial fluid. The latter can have a
similar composition to blood plasma providing a wealth of information about a patients’ health

(236; 237).

Initially, the electrochemical properties of microneedles were enhanced by metallising, where
a coating like gold (238) or platinum (239) were deposited onto a preformed microneedle
template with the aim of imparting conductivity. The coatings were achieved by a variety of
means like sputtering, electrodeposition, or e-beam evaporation. Teo et al., (2019) produced
a flexible microneedle substrate using magnetorheological drawing lithography which was
coated with a gold/titanium film and served as a highly sensitive electrochemical sensor to
detect glucose, uric acid, and cholesterol simultaneously (237). In this instance, the primary
limiting factor is the fabrication method, lithography is a labour intensive, multistep fabrication
process which is a challenge to translate into a manufacturing setting, additionally scientific
expertise is necessary to use the extensive equipment required (240). Micro-moulding offers a
much more simplistic and rapid fabrication process and have been reported that Kim et al.,
(2015) produced polylactic acid microneedle array that was metallised via silver titanium

coating (241).
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More recently, polymer nanocomposites have been produced where the conductivity is
enhanced by incorporating conductive nanoparticles within the matrix, rather than coating the
surface, McConville et al., (2016) produced polystyrene-palladium microneedles via solvent-
based casting but, despite palladium being a popular electrode choice, it is rarely incorporated
into microneedles (210). Although metal coatings and nanoparticles provide high conductivity,
they are expensive, as an alternative, carbon-based nanoparticles have been employed in
polymer nanocomposite microneedle arrays (242). The carbon nanocomposite approach
requires an additional wetting process to enhance its electrochemical properties by way of
anodisation. Here, laser ablation has been studied as an alternative method to enhance the
conductivity of polystyrene-carbon (Ps-C) microneedle array. Through laser processing, the
mechanical strength of the needles is compromised, therefore a dual layered array has been
employed where cellulose acetate phthalate (CAP) is the piercing mechanism and the laser

modified polystyrene-carbon microneedle provides the sensing element.

Cellulose acetate phthalate (CAP) is traditionally utilised as an enteric polymer coating for oral
medication (243). It is a derivative of cellulose, consisting of 30-40 % phthalyl, 19-24 % acetyl,

and 6 % water which provides sustained drug delivery (244).
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Figure 4.0.1 Structure of cellulose acetate phthalate.

It is a suitable candidate for microneedle fabrication as it is biocompatible (245), and is soluble
in pH as low as 6 (246). As the skin is more acidic, the CAP needles will not dissolve until they

pierce the skin and come into contact with the interstitial fluid, upon which, CAP will dissolve,
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microchannels will be left behind whereby the laser modified polystyrene-carbon microneedle

can fulfil its sensing role.

4.1 Experimental Details

4.1.1 Materials and Instrumentation

Carbon nano powder (<100 nm), polystyrene (MW 192,000), cellulose acetate phthalate (MW
2534) and all associated laboratory chemicals were obtained from Sigma-Aldrich, were the
highest grade available and were used without further purification. Britton Robinson buffers
(acetic, boric, and phosphoric acids, each at a concentration of 0.04 M and adjusted to the
appropriate pH through the addition of sodium hydroxide) were used throughout unless

otherwise specified.

Electrochemical analysis was carried out using a Palm Sens computer controlled potentiostat
with a standard three-electrode configuration in which the microneedle patch was used as the
working electrode with platinum and a Ag|AgCI half cell (3M NaCl, BAS Technicol UK) acting
as counter and reference respectively. All measurements were conducted at 22°C + 2°C.
Raman spectroscopy was performed using a Renishaw Raman Microscope (20x% objective
lens) with a 532 nm laser operating at 10% power. Electron micrographs were obtained using
su5000 Hitachi field emission scanning electron microscope (Hitachi, Ltd., Ibaraki-Ken, Japan)
of accelerating voltage 10-15 kV. Microneedles were sputtered (gold source) under vacuum
prior to obtaining micrographs (Emitech K500X Sputter Coater, Quorum Technologies Ltd.,
England). X-ray images obtained from Bruker skyscan microct. Microneedles were modified
using ULS VLS2.30 25 W CO; laser cutter on raster mode, speed 30 and resolution of 1000

pulse per inch.

4.1.2 Preparation of Carbon Nanocomposite Microneedles

Polystyrene acted as a binder to carbon nanoparticles in a ratio 1:1 by weight, dissolved in

cyclohexanone and stirred to ensure homogenous mixture was achieved (typically two hours).
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The mixture was cast into silicone microneedle moulds and a carbon fibre rod placed in the
baseplate to facilitate electrical connection. Microneedle moulds were obtained from
Micropoint Technologies Pte Ltd (Singapore) and were pyramidal in format with 200(base) x
500(pitch) x 700(height) micron dimensions covering a 10 x 10 needle array as indicated in

schematic in Figure 4.1.2.1.

Electrical
Connection

Baseplate

Figure 4.1.2.1 Schematic of conductive microneedle array dimensions produced using Micropoint

Technologies Pte Ltd (Singapore) moulds.

The moulds were placed in a vacuum at 30°C and once the pressure had increased to 1000
mbar the air was release (to draw the mixture into the tips of the silicone mould to ensure
sharp microneedle production). If required after vacuuming, the mould was topped up with
additional solution to account for solvent evaporation. The mixture was left at room
temperature for seventy-two hours and removed from the moulds following this. Electron
micrographs detailing the typical morphology of the polystyrene-carbon microneedle array
(Ps-C MN) are shown in Figure 4.1.2.2A and a single needle in Figure 4.1.2.2B. The micro-
moulding fabrication process results in the production of sharp needle tips, essential to pierce
the tough stratum corneum. The baseplate and carbon rod are coated with enamel to define

the geometric electrode area.
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Figure 4.1.2.2 Electron micrograph of A) polystyrene-carbon microneedle array, B) single needle from

polystyrene-carbon microneedle 200(base) x 500(pitch) x 700(height).

The microneedle tips were examined by orientating the stage of the electron microscope
(Figure 4.1.2.3) and their width estimated at 200 um +/- 1.9 ym in based on a sample of 10

needles.

Figure 4.1.2.3 Electron micrograph cross-section of polystyrene-carbon microneedle array.

The conductivity of the resulting 50:50 wt% Ps-C MN formulation was analysed by Mr
Cameron Scott using a Keithley 4 point probe (2461 series Source Meter) and found to be

1575.2 S/m + 96 S/m (N = 5).
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4.2 Results and Discussion

4.2.1 Preliminary Electrochemical Analysis

A cyclic voltammogram detailing the electrochemical response of an unmodified Ps-C MN
towards ferrocyanide (2 mM, 0.1 M KCI) is shown in Figure 4.2.1.1 The unmodified
microneedle can be seen to display a very large peak separation (AE, = 600 mV) characteristic

of slow electron transfer.

50 pA

Unanodised

Current / yA

-0.4 -0.2 0.0 0.2 _0.4 0.6 0.8 1.0
Potential / V

Figure 4.2.1.1 Cyclic voltammograms of detailing the response of polystyrene-carbon microneedles
to ferrocyanide (2mM,0.1 M KCI, 50mV/s) before and after electrochemical anodisation in NaOH (0.1

M, +2V, 60s).

Electrochemical anodisation is a well-known process which is often used to enhance the
electrochemical properties of carbon electrodes and simply requires immersing the
microneedle in alkaline solution (0.1M NaOH) along with the imposition of a large positive
potential (+2V) for periods between several seconds to several minutes. The general electrode

process involved is indicated in Equation 4.1.

2H>0() 2 Oy + 4H%(aq) + 4 €- Eq 4.1
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It could be expected that the positive charge at the electrode interface would lead to
nucleophilic attack by hydroxyl ions (from the prevailing NaOH electrolyte) resulting in the
immediate interface becoming more hydrophilic. This, in combination with the evolution of
oxygen, can lead to the exfoliation/delamination of the graphitic layers creating more edge
plane sites with a higher proportion of carbon-oxygen functionalities. This process was
investigated here and the corresponding voltammogram is compared to that obtained prior to

the surface modification in Figure 4.2.1.1.

The anodisation process greatly improved the electrochemical performance where the peak
separation of 100 mV is markedly closer to the theoretical Nernstian value of 59 mV for the 1
electron transfer process common to ferrocyanide. Polystyrene loaded with carbon
nanoparticles has a similar electrochemical response to graphitic carbon which is dramatically
improved after anodisation and it can be anticipated that the process results in the generation
of defects and increases the number and variety of oxygen functionalities some of which are

indicated in Figure 4.2.1.2.

Ketone 0O

Polymeric

Binder Anhydride

Figure 4.2.1.2 Summary of the functional groups present on the surface of carbon nanoparticles

within the polystyrene microneedle matrix (adapted from (247)).
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The structural features of carbon are the basal and edge planes which exhibit entirely different
electrochemical profiles and while both are present on unmodified carbon MN, basal planes
predominate. In contrast, the exfoliation processes that occur during anodisation create more
edge planes. The featureless planar nature of the graphite particles within the unmodified Ps-
C MN does not facilitate electron transfer as well as edge planes and thus the anodisation
process leads to a greater proportion of the latter which, in combination with the oxygen
functionalities highlighted in Figure 4.2.1.2, lead to much faster electron transfer and the

appearance of the conventional / near reversible “duck” shaped CV profile (Figure 4.2.1.1).

4.2.2 Raman Analysis of Surface Modification

Raman spectroscopy was preformed to investigate the effect of anodisation on the
polystyrene-carbon microneedle. From the spectra detailed in Figure 4.2.2.1 it can be seen
that both samples contained prominent vibrational modes at 1345 cm™, 1595 cm™ and 2695
cm, which correspond to the D, G and 2D bands of graphitic materials (248) retrospectively.
The vibrational modes of polystyrene are also present at 2910 cm™ and 3055 cm™ which
correspond to the aliphatic C-H bonds and the aromatic C-H bonds retrospectively (249). The
D-band (indicates out of plane vibrations in the sp? lattice hence defects) increases following
anodisation. The Ip/lg ratio of the unmodified Ps-C MN was calculated as 1.39 versus the
anodised Ps-C MN was calculated as 0.98, typically, the Ip/lg ratio increases when there are
more defects (250), which we know to be the case here due to the increased intensity of the D-
band after anodisation. However, the ratio doesn’t follow this rule as the G-band overlaps with
a vibrational mode of polystyrene at 1600 cm™ characteristic of C=C double bonds resulting
in a higher intensity. The prominent vibrational modes of aliphatic and aromatic C-H bonds
support this as they increase two-fold following anodisation. The process of anodisation and
the subsequent generation of oxygen bubbles at the electrode (carbon particle) interface could
dislodge particles from the surface and in this case perhaps exposes more of the polystyrene

binder.
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Figure 4.2.2.1 Raman spectra of unmodified and anodised polystyrene-carbon microneedle.

4.2.3 Contact Angle Analysis

It can be expected that the unmodified Ps-C MN will exhibit hydrophobic characteristics given
the lack of polar groups within the polystyrene binder and carbon particles. In contrast, the
increased population of carbon-oxygen functionalities (Figure 4.2.1.2) would be expected to
enhance surface wettability through their hydrophilic nature. This was confirmed through
comparing the contact angle measurements for the unmodified and anodised MNs. The former
was found to be very hydrophobic with the water droplet sitting as a ball on the MN surface
(Figure 4.2.3.1B) and exhibited a contact angle of 136°. In comparison, the contact angle for
polystyrene alone deposited onto a planar silicone sheet (no needles) was found to 90 ° which
is consistent with the literature (251). The inclusion of carbon nanoparticles within the
formulation of the planar film led to a further increase in the hydrophobicity with a contact angle
of 98°. This is still much lower than that observed at the MN structure, and it could be
envisaged that the needle morphology itself impacts on the contact angle measurements. In
contrast, the anodised MN led to the spreading of the droplet across the MN plate giving the
characteristic “dome” like appearance with a contact angle of 104° and certainly appears to

improve surface wettability.
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Figure 4.2.3.1 Contact angle measurements of a polystyrene-carbon (Ps-C) microneedle A) before

drop release, B) at the unmodified Ps-C MN and C) at the anodised Ps-C MN.

4.2.4 Influence of Laser Treatment on MN Structure and Performance

It is clear that the electrochemical oxidation processes increase oxygen species which in turn
influence wettability, surface reactivity, porosity and electron transfer kinetics of the electrode.
While the process is effective, it is nevertheless, procedurally cumbersome in terms of the
mechanics involved. Instrumental techniques such as plasma (252) and laser ablation (253)
have however been promoted as a more efficient modification strategy where the need for wet
chemical processing is avoided. These approaches have also been shown to lead to similar
enhancements as the electrochemical anodisation. As such, laser processing of the
microneedle structures was investigated here whereby laser patterning of the Ps-C MN was
performed. The rationale was the laser ablation of the interfacial polymer would improve the
electrochemical properties by exposing carbon within the polystyrene binder thereby
enhancing the effective surface area. Moreover, work by Ezkiel et al., (2008) demonstrated
that ablation in an air atmosphere led to exfoliation of carbon fibre creating edge plane sites
which enhanced the electron transfer kinetics. It was envisaged that were this approach
successful, it would be advantageous from a manufacturing standpoint simplifying the

development process and avoiding the wet chemical stages.

Electron micrographs detailing the results of the laser rastering at various power settings
across Ps-C MN patches are detailed in Figure 4.2.4.1. Following laser processing of Ps-C
MN, sharp needle tips are absent, and the topography resembles mounds rather than the

pyramidal shape witnessed in Figure 4.1.2.1. The change in morphology exhibited in the



91

electron micrographs in Figure 4.2.4.1 can be attributed to a loss of the polystyrene binder
and exposure of the carbon nanoparticles. This is perhaps unsurprising when the melting point
of polystyrene and carbon are considered, polystyrene has a lower melting point around 270°C
whereas the melting point of carbon is around 3550°C. Thus, the laser processing easily

ablates the polystyrene compromising the sharp needle tips whilst simultaneously uncovering

the carbon nanoparticles.

Oxygen Wt%

Unmodified ~ P25% P30% P40% P50%

Figure 4.2.4.1 Electron micrograph of polystyrene-carbon microneedle array A) post laser ablation
(power 25 %, speed 30, PPI 1000), B) post laser ablation (power 25 %, speed 30, PPI 1000), C) post
laser ablation (power 50 %, speed 30, PPI 1000) and D) Oxygen percentage of polystyrene-carbon
microneedle array as a consequence of laser ablation at increasing powers obtained from energy

dispersive X-ray analysis.
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In addition to exposing the carbon nanoparticles, laser ablation increased the percentage of
oxygen species, shown in the elemental analysis in Figure 4.2.4.1D where the oxygen
percentage for an unmodified Ps-C MN is 3.35wt% versus 5.63wt% for modified Ps-C MN

(Power 50 %).

It also suggests that increasing the laser power, increases oxygen percentage but caution
must be applied to prevent destruction of the microneedle array entirely. It is important to note
that EDX provides elemental analysis throughout the entire depth of a sample, and laser
ablation is a surface modification, so it is possible that oxygen percentage is in fact higher
than calculated at the surface of the Ps-C MN which is the most significant factor for improved

electrochemical performance.

Cyclic voltammograms detailing the electrochemical response of Ps-C MN patches following
laser ablation towards ferrocyanide (2 mM, 0.1 M KCI, 50 mV/s) are shown in Figure 4.2.4.2A.
Inspection of the individual voltammograms reveals that although 25 % and 30 % power
expose carbon nanoparticles within the Ps-C MN (evidenced by the SEM images in Figure
4.2.4.1) but the resulting MN fail to exhibit any significant improvement in electrochemical
properties with irreversible behaviour (AE, = 600 mV) and ambiguous peak currents.
Processing at higher power with the application of 40% and 50% leads to Ps-C MN exhibiting
more reversible profiles (40%: AE, = 200 mV; 50%: AE, = 100 mV). It is clear that increasing
the laser power improves the electrochemical properties and this is consistent with the results
reported by Ezekiel et al., (2008) for carbon fibre (253). This aligns with elemental analysis
indicating increased oxygen functionalities following ablation by higher powers and hence
faster electron kinetics. From this we can see that laser ablation provides similar
electrochemical profile to anodised systems displayed in Figure 4.2.4.2B where peak
separation is roughly 100 mV albeit with a decreased peak current. It could be envisaged that
the electrochemical anodisation is much more efficient at disrupting the carbon particle
structure without loss of the needle integrity — preserving the majority of the carbon surface.

In contrast, the need to go higher laser powers to acquire similar electrochemical performance
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results in substantial loss of the needle structure itself (as per the SEM images in Figure

4.2.4.1) and hence the lower current.
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Figure 4.2.4.2 Cyclic voltammogram of A) modified polystyrene-carbon microneedle to ferrocyanide
(2mM,0.1 M KCI, 50mV/s) following laser ablation of varying power (Raster mode, speed 30, PPI
1000), B) unmodified polystyrene-carbon microneedle to ferrocyanide (2mM,0.1 M KClI, 50mV/s)

versus anodised in NaOH (0.1 M, +2V, 60s) and laser ablated (Power 50 %, raster mode, speed 30,

PPI 1000).

4.2.5 Design of a Multilayer MN Patch

The laser modified MNs are redundant in isolation as they do not possess the structural
features essential for insertion within the skin. The sharp tips are reduced to blunt particulate
mounds which would likely flatten when applied to the skin. However, the large surface area
and increased oxygen species can be useful for a variety of sensing contexts or for controlled
drug delivery discussed in subsequent chapters. This led to the design of a multilayer MN
patch illustrated in Figure 4.2.5.1 where it was envisaged that skin penetration could be
accomplished by a biocompatible (and dissolvable) MN layer allowing interstitial fluid to enter
the second layer, thus come into contact with the laser processed MN. This approach could

have a number of advantages over the direct application of composite needles. The current
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recorded at the MN electrode will be dependent upon the effective electrode area and, as
such, damage to the needles during insertion could significantly alter the analytical response.
It is possible to envisage shear forces breaking the needles at the point of application as the
patch is unlikely to be inserted perpendicular to the skin surface. There is also the fact during
insertion, fouling of the electrode surfaces could occur as the needles mechanically push
between and through the skin cells. The use of a sacrificial needle system to create a series
of microchannels could be useful in protecting the working surfaces of the diagnostic or drug
releasing needles. A schematic of the dual layer needle concept is shown in Figure 4.2.5.1.
The insertion (A) leads to the steady dissolution of the needles leaving behind the
microchannels in the upper skin layers (B). This is a conventional approach in “poke and patch”
microneedle drug delivery systems (254) where the needle is used solely to puncture the skin
and leave entry points for a topically applied drug to access the underlying tissue. In this case
the microchannels can serve as a means of transporting the interstitial fluid to the secondary
sensing needle array (C) or, alternatively, allowing access to a drug which is tethered to the
secondary needles and released upon receiving an appropriate electrochemical trigger (D).
The mechanisms relating to the latter opportunity are discussed in more detail within Chapters

6and 7.
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Figure 4.2.5.1 Schematic of multilayer microneedle patch with biocompatible layer to pierce the skin

and laser processed layer for sensing or controlled drug delivery.
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4.2.6 Cellulose Acetate Phthalate MNs

Cellulose acetate phthalate (CAP) was chosen as the primary constituent of the sacrificial
microneedle array. It is a biocompatible substrate that produces sharp microneedles as seen
in Figure 4.2.6.1. CAP serves as an ideal candidate as it is soluble in neutral / mildly alkaline
medium, and it would be anticipated that its dissolution within the skin layers would provide

access to the underlying electrode layer of the dual layer MN assembly.

Figure 4.2.6.1 Electron micrograph of cellulose acetate phthalate microneedle 200(base) x 500(pitch)

x 700(height).

The electron micrographs in Figure 4.2.6.2 demonstrate CAPs behaviour when submerged
in Britton Robinson pH 7 buffer over time. After five minutes, the sharp needle tip is diminished,
whilst maintaining the general pyramidal shape (Figure 4.2.6.2A). With continued dissolution,
after ten minutes, the surface of the microneedles become smooth and even less defined
(Figure 4.2.6.2B). After thirty minutes of sustained immersion in the buffer, the dissolution
processes culminate with point fractures in the baseplate (Figures 4.2.6.2C-F). It could be
envisaged that at this point, migration of the interstitial fluid to the lasered microneedles would,

in principle, be possible.
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Figure 4.2.6.2 Electron micrograph of cellulose acetate phthalate microneedle submerged in pH 7

buffer for A) five minutes, B) ten minutes, C) thirty minutes, D) thirty minutes displaying fractures in
baseplate, E) thirty minutes displaying ambiguous/smooth needle and F) thirty minutes displaying

fracture on baseplate.

4.2.7 Multilayer Assembly

Following characterisation of the electrochemical properties of the laser modified Ps-C MN
and the dissolution of CAP MN, assembling the dual layered MN array was a natural

successor. The CAP / laser modified Ps-C MN assembly was analysed by micro computerized
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tomography (uUCT) to highlight the core structure and internal void as detailed in Figure

4.2.71.

Cellulose acetate phthalate
microneedle layer

Laser modified polystyrene-carbon
microneedle layer

Figure 4.2.7.1 Sliced X-ray image of cellulose acetate phthalate microneedle layered on top of laser

modified polystyrene-carbon microneedle.

The MN patches were directly aligned by visual inspection and sealed. A carbon fibre rod
maintained electrical contact to the Ps-C MN layer. It can be seen from the uCT that the

needles are intact after placement with a clear space for fluid to access the Ps-C array.

4.2.8 Characterisation of Multilayer Assembly

Electron micrographs in Figure 4.2.8.1 illustrate how the CAP layered - laser modified Ps-C
MN assembly behaves after being submerged in Britton Robinson pH 7 buffer for thirty
minutes. As expected, the CAP MN has dissolved leaving behind cavities to expose the
underlying laser modified Ps-C MN. As the CAP MN dissolves, it appears to become more
flexible and bends as highlighted in Figure 4.2.8.1A. The CAP MN and Ps-C MN are aligned
well as shown in Figure 4.2.8.1B and Figure 4.2.8.1C, and the integrity of the laser modified
Ps-C MN is maintained in Figure 4.2.8.1D. It should be noted that in general, direct alignment
of the MN is not required as when the CAP needles dissolve, the expectation would be that

the fluid would enter the cavity and contact each of the underlying Ps-C MN.
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Figure 4.2.8.1 Electron micrographs of dual layer microneedle after thirty minutes in Britton Robinson

pH 7 buffer showing A) the flexibility of the CAP MN bending, B) the alignment of the CAP and
underlaying modified Ps-C MN, C) the large cavity in the CAP MN exposing the underlaying sensing

MN and D) the intact laser modified Ps-C MN.

After studying the dual layer MN via electron microscopy, the next step was to assess the
electrochemical properties of the array. Cyclic voltammograms detailing the electrochemical
response of CAP layered - laser modified Ps-C MN towards ferrocyanide (2 mM, 0.1 M KCl,
50 mV/s) after zero minutes, one minute, fifteen minutes and thirty minutes in pH 7 Britton
Robinson buffer are shown in Figure 4.2.8.1. As anticipated, the electrochemical performance
improves as the CAP layer dissolves with increased time in the pH 7 buffer, to expose the
underlaying laser modified Ps-C MN. Very slight bumps are seen after one minute and fifteen
minutes, indicting a small volume of solution has reached the underlaying Ps-C MN and can
be attributed to pin holes in the enamel used to electrically isolate the backplate of the Ps-C

MN. However, after thirty minutes clear redox peaks are visible, and the characteristic quasi
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reversible duck profile is observed (AE,= 200 mV) confirming that CAP does not influence the

electrochemical performance of the underlaying laser modified Ps-C MN.
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Figure 4.2.8.2 Cyclic voltammogram of cellulose acetate phthalate layered laser modified
polystyrene-carbon microneedle to ferrocyanide (2mM,0.1 M KCI, 50mV/s) with increasing time in pH7

(Black zero minutes, red one minute, green fifteen minutes and blue thirty minutes).

4.3 Conclusions

In this chapter alternative methods to improve the electrochemical performance of
polystyrene-carbon nanocomposite microneedle arrays were investigated. The microneedle
was modified by both electrochemical anodisation and laser ablation to increase oxygen
functionalities. Elemental analysis confirmed increased oxygen wt% with increasing laser
power which translated to improved electrochemical performance. Electron microscopic
studies found that laser modification compromised the structural integrity of the microneedle

array — effectively removing the piercing capability. An alternative design concept was
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formulated where the enhanced surface area exposed by the laser processing could be used
to advantage and an innovative dual layer prototype system was constructed. The latter
employed cellulose acetate phthalate as a sacrificial insertion system leaving behind
microchannels for interstitial to reach the underlaying lasered carbon layer. The latter could be

used for diagnostic or drug delivery applications.
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Chapter 5

Nanocomposite Microneedles Based on Cellulose Acetate
Phthalate and Carbon Nanoparticles Decorated with Laser Induced

Graphene to Improve Electrochemical Performance

Overview

This chapter investigates various laser induced graphene (LIG) formations to be harvested
and added to cellulose acetate phthalate-carbon microneedles in order to improve their
electrochemical performance. Electrochemical analysis such as cyclic voltammetry and
square wave voltammetry are employed to test the response of the system to ferrocyanide
and uric acid retrospectively. Electron micrographs detail the morphology of the LIG formation
and illustrate the sharpness of the microneedle systems. As well as preliminary studies into
the biodegradability of CAP as a binder to address issues of waste generated by sharps using
blood glucose sensors used by diabetic patients as a way to quantify waste generated. The

CAP system is preliminary assessed as an alternative peroxide sensor.
Some of the work presented in this chapter has contributed to peer reviewed publications:
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James Davis, 2021. Laser induced graphene sensors for assessing pH: Application to
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5.0 Introduction

Graphene materials can be produced by numerous means such as mechanical exfoliation
(255), chemical synthesis (256), chemical exfoliation (257; 258), and chemical vapor deposition
(259). Mechanical exfoliation is one of the first discovered methods of isolating graphene flakes
from graphite. It is relatively simplistic, whereby tape is applied to graphite and peeled off,
which breaks the weak van der Waals’ forces holding the layers of graphene stacked on top
of one another (260; 261) and ultrasonication can achieve similar results (262). Mechanical
exfoliation produces high quality graphene layers, however, there are limitations when it
comes to scalability and reproducibility (263). Chemical synthesis refers to the chemical
reduction of graphene oxide and there are three main routes, the Brodie method (264),
Staudenmaier method (265) and Hummers method (266) which involve the oxidation of graphite
with acids and oxidants. Chemical synthesis routes are time consuming, involving several
hazardous steps (263). Chemical exfoliation is the process of introducing alkali metals into a
graphite solution to increase interlayer spacing, thus breaking the van der Waals’ forces
holding the layers together which is then sonicated to disperse the layers (267). Thermal
chemical vapor deposition of graphene involves filling a quartz tube with various gases such
as methane, hydrogen and argon containing a metal substrate at high temperatures. Over
time a single layer of graphene will be deposited upon cooling (259). Chemical vapour
deposition can be plasma enhance allowing for the production of graphene at lower
temperatures (268). Chemical vapor deposition is commonly used to produce graphene,

however, it requires extensive equipment and materials to fabricate.

In this work, a single-step fabrication process has been adopted where a film of porous
graphene is induced onto an insulating polymer substrate (269). There has been considerable
interest in the development and characterisation of laser-induced graphene (LIG) as it
provides a facile method of additive manufacture of highly conductive substrates, which, in
contrast to screen printing systems, allows rapid prototyping of electrochemical sensors. In

some respects, the investigations conducted in Chapter 4 could be considered an attempt at
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creating laser induced graphene directly on to the microneedle (MN) surface. The creation of
graphene like domains within the MN structure could impart many favourable characteristics
such as excellent electrical and thermal conductance, high rate of electron transfer kinetics
and large surface area (270). The outcomes from the previous laser investigations however, at
least from the perspective of needle integrity, less than successful and hence an alternative

approach to LIG based MN fabrication is required.

Polyimide (PI) film is commonly used as a substrate to fabricate LIG, due to the wide
absorption range of Pl film to a spectrum of laser sources. Both, UV, and IR commercial laser
systems can be used to carbonise the abundance of aromatic groups (Figure 5.0.1) within the
chemical structure (271; 272). The photothermal process that converts polyimide to LIG, breaks
the bonds between the carbon with the subsequent liberation of gases giving LIG a porous,
foam-like structure (269). Polyimide is a cost-effective substrate used to produce graphene and
the laser processing provides freedom when it comes to design without the use of chemicals

(273; 274; 275).
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Figure 5.0.1 Structure of polyimide.

The surface morphology produced by laser patterning can be tuned based on the required
application and it can range from a foam structure to long, thin nanotube-like structures (276).
In producing nanotube-like structures or fibres, the surface area is increased and, in turn,
provides opportunities for it to be functionalised with catalysts or drugs (277). Extensive
research has been conducted employing carbon nanotubes (CNT) as a means to improve the
conductivity of polymer composites. Zhang et al., (2020) combined CNT with cellulose to
improve electrical conductivity (278), and similarly Behera et al., (2020) combined CNT with

poly(lactic acid) as a biodegradable alternative (279). In either case, the translation of the
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approaches for rapid prototyping or mass manufacturing are problem. In contrast, laser
induced graphene can be tuned through simply alternating the instrumental parameters of the

laser system.

In this work, the primary aim was to investigate the substitution of the carbon nanoparticles
with laser induced graphene (LIG) has been investigated where the intention was to harvest
LIG from the laser ablation of large areas of polyimide film. This would allow its direct inclusion
within the microneedle / moulding formulation process and thereby enable the single step
manufacture of conductive microneedles with enhanced electrochemical properties rather

than relying on post-production modifications.

A secondary aim was to improve the biodegradability of the MN themselves as a means of
avoiding the waste associated with conventional point of care diagnostics (i.e., glucose test
strips and lancets) as well as syringe-based drug/vaccine delivery. While polycarbonate and
polystyrene have been the polymers of choice as the binder which supports the 3D form (210;
211), neither could be considered as biodegradable. There is an extensive literature base on
the use of dissolving microneedle formulations, but such systems are invariably intended to
enable rapid swelling to allow delivery of a drug. In this case, the microneedle is intended to
act as an electrode and it is clear that premature dissolution of the needle component would
destroy its analytical capability. As such, there is a need for a polymeric binder which would
be stable under a given set of conditions for a duration appropriate to collect the target data,
but which would, over a more moderate period, dissolve leaving only the carbon residue.
Cellulose acetate phthalate (CAP) was selected as the binder here on the basis that the
material is known to be chemically and mechanically stable in acid condition but begins to
dissolve when exposed to mildly alkaline media and is widely used as an enteric coating for
oral tablet formations to enable transit of the drug to the intestine. The choice of CAP was also
made on the basis of the results from the previous chapter where it was shown to be capable
of forming well defined microneedles. The development of a CAP — LIG composite

microneedle was therefore proposed as a means of facilitating the single step fabrication of a
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disposable sensor system offering both enhanced electrochemical performance and

biodegradability.

5.1 Experimental Details

5.1.1 Materials and Instrumentation

Carbon nano powder (<100 nm), polystyrene (MW 192,000), cellulose acetate phthalate (MW
2534) and all associated laboratory chemicals were obtained from Sigma-Aldrich, were the
highest grade available and were used without further purification. Britton Robinson buffers
(acetic, boric, and phosphoric acids, each at a concentration of 0.04 M and adjusted to the
appropriate pH through the addition of sodium hydroxide) were used throughout unless
otherwise specified. Microneedle moulds were obtained from Micropoint Technologies Pte Ltd
(Singapore) and were pyramidal in format with 200(base) x 500(pitch) x 700 (height) micron
dimensions covering a 10 x 10 needle array. The structure of the needle design was previous
described in Section 4.1.2. Electrochemical analysis was carried out using a Palm Sens
EmStat 3 computer controlled potentiostat with a standard three-electrode configuration in
which the microneedle patch was used as the working electrode with platinum and a Ag|AgCI
half cell (3M NaCl, BAS Technicol UK) acting as counter and reference respectively. All

measurements were conducted at 22°C + 2°C.

5.1.2 Production of Laser Induced Graphene

Laser induced graphene was prepared through ablating polyimide film (125 micron,
Goodfellow UK) with a ULS VLS2.30 25 W CO; laser cutter on raster mode, speed 30 and
resolution of 1000 pulse per inch. Large area sections of polyimide were rastered (3000 mm?)
and the resulting LIG deposit removed through either sonication or mechanical abrasion with
a stainless-steel scalpel. The LIG particles were collected and mixed with cyclohexanone
which was cast into the microneedle mould and dried under a heat lamp. This was repeated

until the entire mixture was used up (used for eight microneedle patch arrays) and the normal
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microneedle production highlighted in the next section followed. Planar LIG electrodes were
patterned on polyimide and thermally encapsulated within polyester laminate sheets (125
micron). The latter were pre-cut with a 3 mm diameter window in order to expose a defined
area of LIG. A schematic representation of the assembly is detailed in Figure 5.1.2.1.

Electrode window

Laminate Cu tape

LIG layer Polyin%ide film

Figure 5.1.2.1 Schematic of planar LIG electrode.

5.1.3 Production of Carbon Composite Microneedles

The carbon microneedles were prepared as previously described in Chapter 4 with the
exception that cellulose acetate was substituted for the polystyrene and laser induced
graphene particles for the carbon nanoparticles. The relative ratio of the mixtures was kept at
1:1 by weight, dissolved in cyclohexanone and stirred until a homogenous solution was
obtained (typically two hours). The solution was cast into silicone microneedle templates and
a carbon fibre stub placed into the base plate to facilitate electrical connection. The moulds
were placed in a vacuum at 30°C and the pressure increased to 1000 mbar and the air
released again (to force the homogenous solution to the tips of the mould ensuring sharp
microneedle production). The templates were topped up with more solution - preferably
overflowing the cast to allow for solvent evaporation. The solvent was left to evaporate at room

temperature (over forty-eight hours) whereupon the needles could be removed from the patch.

5.2 Results and Discussion

5.2.1 Laser Scribing of Polyimide — A Preliminary Study
An electron micrograph displaying the morphology of polyimide (Pl) after laser scribing is
shown in Figure 5.2.1.1. The unmodified sections of the PI film are smooth and featureless,

however, following laser ablation, foam-like carbon structures are produced giving a furrow
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like appearance. These structures are formed due to the application of localised heat which
degrades the polymer, thus releasing gas causing the polymer to foam. Once cooled, a
conductive carbon track is left with a relatively heterogeneous structure as indicated in Figure

5.2.1.1.

Figure 5.2.1.1 Electron micrograph of polyimide film with laser induced graphene (LIG) tracks.

A cyclic voltammogram detailing electrochemical response of laser induced graphene (LIG)
substrate towards ferrocyanide (2 mM, 0.1 M KCI, 50 mV/s) is shown in Figure 5.2.1.2. It can
be seen that LIG exhibits excellent electrochemical properties with sharply defined redox
peaks and a peak separation consistent with the theoretical Nernstian value (E = 60 mV). The
reversible nature of ferrocyanide at the LIG electrode stands in marked contrast to the Ps-C
MN systems investigated in Chapter 4. The fact that the excellent performance can be
obtained without any further modification (i.e., anodisation) serves to justify its potential

application within MN formulations.
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Figure 5.2.1.2 Cyclic voltammogram of laser induced graphene electrode to ferrocyanide (2 mM,0.1

M KCI, 50mV/s). Inset: LIG electrode configuration.

5.2.2 Influence of Laser Power on LIG Formations

It has been documented that altering laser settings can produce a range of LIG formations, in
this work, the influence of power was studied initially. The foam-like structures resulting from
the application of the COz laser on Pl at varying powers are compared in Figure 5.2.2.1 (speed
of 40 %, resolution 1000 pulse per inch (PPI) and raster mode). The overall morphology
resembles a loosely formed honeycomb and is highly porous. At lower powers (i.e., 25%), the

LIG is moderately fibrous and as the power increases, the fibres are become longer, more

apparent and web-like.

5.2.3 Influence of Multiple Passes on LIG Formations

Multiple passes of the laser can improve the graphitisation of non-polyimide substrates thus
improving the conductivity (280; 281). In this instance, multiple passes of the laser over the
same area of polyimide did not produce visible changes to the LIG morphology seen in Figure
5.2.3.1. The initial pass pr