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Abstract

This work examines the fabrication and use of polymer microneedles made using
an adapted screen printing method and UV curable polymer in both diagnostic and
therapeutic applications. Starting with smaller round ended microneedles used only
for cosmetics, this work looks at optimising the microneedle shape using this printing
fabrication method and penetration efficiency and how the microneedles can be adapted
for diagnostics such as cholesterol or chloride and delivery of drugs such as pravastatin.
The polymer microneedles were prepared by a highly flexible microlithographic 3D
printing (ML3DP) process. This process was a type of stencil printing. The process is
adaptable using stencils with different aperture sizes, aperture shapes, the number of
sequential depositions and the type of UV curable polymer chosen because it is possible
to fabricated in an additive manner. Unlike other fabrication methods, it can easily
be scaled up for high volume manufacturing and can be readily adapted to produce
microneedles of different shape and size. This reduces the cost of the microneedles
compared to those fabricated by etching or small scale printing.

The microneedle fabrication process previously used to make rounded tip cylindrical
shaped microneedles, was optimised to make sharper microneedles for optimum penet-
ration more suited to drug delivery and diagnostic applications. The optimised mi-
croneedles fabricated by ML3DP produced a conical shaped base with a stencil of
apertures 400um in diameter. Evenly spaced print gaps were used to fabricate these
microneedles. A tipping stencil of 150um diameter was used after fabrication of the
base and the optimised microneedles reliably produced tips with the average diameter
of 8um. This fabrication method yielded microneedles with on average a penetration
efficacy 82.42%. Histology and methylene blue staining were used to illustrate the pen-
etration. These results confirm that the sharpness of the tip is critical in the success of
penetration, height and width of the microneedles are also important factors for pen-
etration efficiency. Some polymer microneedles were left uncoated and some metallised
using various metals. Compression testing was used to determine suitability of both
metal coated and uncoated polymer microneedles to withstand penetration forces.

For use as diagnostic electrodes the ML3DP microneedles were metallised. Chloride
and cholesterol detection were looked at as there are not any current microneedle devices
that can detect these analytes. Chloride levels can determine dehydration or cystic
fibrosis and cholesterol levels can be an indicator for heart disease. For chloride detection
the microneedles were metallised with silver and for detection of glucose or cholesterol
the microneedles were metallised with platinum.

Silver bar electrodes and silver microneedles successfully determined the concentration
of chloride solutions in the required range between 2.5 and 40mM and gave a linear



relationship.

Platinum microneedle devices were functionalised for diagnostic application by im-
mobilising glucose oxidase or cholesterol oxidase on the surface and were successful in
detecting a range of concentrations of glucose or cholesterol. The linear detection re-
gion was between 2.5 and 20mM for glucose and between 1.25 and 15mM for cholesterol
which is in line with the concentrations of glucose or cholesterol found in the human
body.

These ML3DP polymer microneedles were shown to be capable of delivering drugs,
such as small molecule drug like calcein and large molecule drugs such as pravastatin
through a 'poke and patch’ method. A Franz cell method was utilised to measure drug
diffused through porcine skin into a PBS solution within the cell. These tests showed
the polymer microneedles facilitated some delivery through the skin albeit not as good
as hypodermic needles and silicon microneedles.

Microneedles have the potential to be an important part of point of care devices within
diagnostics and drug delivery. These polymer microneedles have shown the possible use
of microneedles in diagnostic devices for determining chloride for the diagnostics of
dehydration or cystic fibrosis and cholesterol for the monitoring of conditions such as
heart disease. These polymer microneedles have also highlighted the use as a drug
delivery alternative for drugs such as pravastatin for the treatment of high cholesterol.
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1 Introduction

1.1 Literature Introduction

Diagnostics are an essential part of medicine today using many different methods. These
include medical imaging such as X-rays, Magnetic resonance imaging (MRI), positron
emission tomography (PET) and ultrasonography. These methods usually show ana-
tomy and a comparison can be made to the normal range of anatomy in humans [1, 2].

There are many invasive forms of diagnostics such as blood tests, or endoscopy. En-
doscopy is an optical method of diagnostics which involves the insertion of a viewing
tube called an endoscope through a bodily opening with a view to directly observing
cavities inside the body or inside organs. The larynx, lungs, gastrointestinal tract, blad-
der and uterus can all be viewed by passing an endoscope through the nose, mouth,
anus, urethra and vagina respectively. There are some circumstances where an incision
needs to be created to pass the endoscope into a cavity, these incisions are used to view
places such as the joints, abdominal cavity and lungs [1].

Other diagnostics are performed using analysis from tissues such as cell biopsies or
bodily fluids such as serum, plasma, saliva, urine, tear and spinal fluid. These fluids
are relatively easily accessible with minimal or no discomfort to a patient. These fluids
contain many different types of biomarkers ranging from proteins to lipids. Raman
spectroscopy is one technique which is used to analyse lipids and offers high chemical
specificity and information on molecular structure without needing staining or labelling.
Raman spectroscopy can provide real-time molecular information and high resolution
imaging of samples. However it is not a point of care diagnostic which is an important
part of making diagnostics accessible [3, 4].

For rapid detection of analytes in a patient setting, point of care testing is essential. It
can also facilitate better management, diagnosis and monitoring of diseases. A biosensor
is the most important part of the point of care device as it provides the bioanalytical
analysis of the device. Biosensors can be electrochemical or optical and include techno-
logies such as microfluidics, device automation, signal readout and lab-on-a-chip which

are just some advancements on point of care devices [5|. One of the most well known



point of care devices are continuous glucose monitors. These have gained a huge amount
of popularity within the diabetic community where the patient can self-administer the
test. There are many different variations of these devices including Dexcom and Libre
[6] and they all monitor glucose variability using a sensor that in inserted through the
skin and left in the body usually on the back of an arm. These devices have been shown
to reduce admissions to hospital compared to people who only utilised self monitoring
of blood glucose [6].

Another area of diagnostic and drug delivery research is access to the body through or
on the skin. The skin is the largest organ in the human body. Not only is it our barrier
to the outside world therefore allowing bodily functions to happen within a contained
and controlled environment, it is the main interface our bodies have with outer stimuli.
The skin controls the passage of substances through it, in and out of the body with
different mechanisms, however the most prominent barrier is the top stratum corneum
layer. This layer is around 10 -20pm thick and is made up of corneocyte skin cells
made from previous keratocytes from the epidermis layer beneath which contributes to
skin hydrophobicity. The epidermis is a layer of living nucleated cells which is about
50-100pum thick and is where the main cycle of keratinocytes takes place. The cells in
the epidermis are surrounded by interstitial fluid (ISF) as is the dermis below. The
dermis is the main layer of the skin which is usually up to 1mm thick. It is comprised
of mainly collagen, elastin, fibroblasts and contains hair follicles, capillaries, nerve end-
ings, lymphatic vessels, sebaceous glands and sweat glands. These cells are surrounded
by ISF. The hypodermis is the bottom most layer of the skin which is comprised of
mostly subcutaneous fat. This layer is absent from thin skin areas of the body such as
eyelids and contains bigger blood and lymphatic vessels. There is a flow of substances
between the layers of the skin cells, the capillaries and the outside. Controlling this pas-
sage can be utilised for diagnostics or drug delivery. Microneedles (MNs) are one such

method of bypassing the stratum corneum barrier for diagnostics and drug delivery |7, 8|.

The concept of MNs has been around since the late 1970s where Gerstel and Martin
envisioned it as a way to conquer the issue of pain in drug administration [9]. It was not
until the late 1990s however that micro fabrication had advanced sufficiently to make
MN manufacture possible [10]. The first microneedles were fabricated in 1998 with a
deep reactive ion etching process on silicon wafers, the same technology used to make
circuits. The MNs were fabricated using masking and etching techniques. It started
with chromium dots on the wafers to determine the size of the eventual microneedles and

then controlled plasma etching very deep valleys into the silicon which forms the MNs.



These MNs were used to investigate the transdermal drug delivery of small molecule
drugs such as calcein and demonstrated passive transport of the drug through the skin
[11, 12, 10, 13].

MNs have been developed to overcome the challenges faced by the more traditional
methods such as injections, vaccines, urine testing, blood tests by hypodermic needle
and suction blistering. MNs are minimally invasive due to only penetrating the epi-
dermis [14] and sometimes the superficial dermis. Figure 1.1 shows a schematic of MNs
inserted into the skin. Due to the MN length, patients do not experience pain as they
would with a hypodermic needle as there are no pain receptors found in the epidermis
and, in the superficial dermis the tips of the MNs are so narrow that they miss the
nerve endings where the MN penetrates [14]. MNs of heights 180 pm and 280 pm, as
seen in the study by Haq et al.[15], were reported to be pain free with only the feeling
of pressure on the skin. For a MN array to be effective, it needs a design which is
optimal for penetration, pain-free, effective for either diagnostics or drug delivery and

biocompatible.

Figure 1.1: Schematic of MNs inserted into skin - cross section

Work within this thesis has been conducted in collaboration with Innoture Ltd as
a sponsor. They had been using microneedles as an aid for cosmetic products in the
context of cosmetic patches. A key part of their planned development going forward
was to alter and optimise their current microneedle cosmetic patches to expand into
drug delivery and diagnostics with commercially viable drug delivery or diagnostic mi-
croneedle patches. This step required more evidence based research to branch out into

and therefore was a focus of the thesis going forward. The microneedles made for their



cosmetic patches using a 3D printing method prior to the start of this work were more
cylindrical and small enough that they are not considered a medical device. The 3D
printing method used is a very flexible, cost effective method that can be adapted to
make polymer MNs of many different heights, shapes and degrees of sharpness. This

method of microneedle fabrication will be investigated later in this thesis.



1.2 Microneedles for diagnostic applications

ISF is a biological fluid found in the epidermis and dermis layers of the skin which
can be used to monitor biomarkers and diagnose disease. There have been studies
comparing the biomarkers and other proteins found in ISF to serum and plasma. These
studies show that the profile of ISF when compared to serum and plasma is very similar
suggesting that ISF could be used in lieu of blood sampling. The proteomic profile
between ISF, serum and plasma is 93% similar and the major differences are the quantity
of the proteins in samples of the biological fluids. Extracting ISF from the skin is the
major hurdle when testing and traditionally it is achieved through a technique called
suction blistering. This can be a painful procedure but does provide access to biomarkers
that are not within the serum or plasma. The technique involves applying negative
pressure to the skin for up to 2 hours at temperatures up to at 40°C which separates
the dermis and epidermis allowing dermal ISF to be drawn up by this suction into a
blister which is then collected via a needle. The skin can be damaged and injuries
can take weeks to heal. It is time consuming and there are also only small volumes
available for collection which can limit which diagnostic techniques are used therefore
the better alternative is to use microneedles to either extract ISF or detect biomarkers
in vivo. The amounts which are able to be collected are in the ul range. In addition,
there are biomarkers in ISF that are not present in serum or plasma including many
inflammatory markers or local markers such as those attributed to some skin conditions
[16, 17, 18, 19, 20|.

1.2.1 Microneedle Materials

Materials used for microneedle fabrication are largely dependent on the fabrication
methods available. Initially silicon, metals and glass were used, as the fabrication
technology could process these materials. As micro fabrication technology progressed
more MNs were made of polymers, sugars or ceramics using other fabrication techniques.
Silicon is a crystalline structured material that was the first material used for mi-
croneedles using an ion etching technique and it has many desirable properties for MN
fabrication. There is a flexibility in the way it can be processed to make many differ-
ent shapes, allowing MN shape to be fine-tuned and controlled as the manufacturing
methods are very precise and can be produced in batches. Silicon has high mechanical
strength which makes it ideal for piercing the skin successfully to allow drug delivery.

Despite this silicon is brittle and there is a slight biocompatibility issue should frag-



ments of silicon stay in the skin after insertion. Dry or wet etching is a common way
of fabricating silicon MNs in addition to cutting or dicing. Silicon has disadvantages in
that the fabrication cost is high, complex, often time consuming and also wasteful as
it is a subtractive process [21, 22]. Silicon MNs can be made hollow or porous through
other etching methods to allow for ways to store drugs or ISF and the dosing or load
can be influenced by the structure of these MNs [23, 24].

Metals like stainless steel and titanium are common metals used in medical devices
and implants due to knowledge about their biocompatibility and other material and
mechanical properties. The majority of metal microneedles are produced using metals
such as aluminium, titanium, stainless steel, palladium, nickel and palladium-cobalt
alloys [25, 26, 22|. These materials are not only biocompatible, but they possess high
elastic moduli (up to 180GPa) and unlike other materials these metals have a high
fracture toughness also. This would make them a better option to silicon as a material
for MN fabrication[12, 27|. Metal, like silicon, is used to create solid, hollow and porous
MNs through various fabrication techniques including photochemical etching and laser
cutting|26, 28]. They have also been made from assembling small hypodermic needles
(e.g. 30 gauge) which were adjusted to form smaller MN heights of between 300 and
900 pm [29].

Ceramics are materials that form mainly ionic bonds between non-metallic and metallic
elements. MNs have been made from ceramics due to their high mechanical strength
and their stability in high temperatures in comparison to polymers. Alumina and Sil-
icon nitride are examples of biologically compatible ceramics which have been used to
fabricate MNs. Ceramic MNs have the potential to aid drug delivery as they are por-
ous enough for drugs to be loaded into them and then released and they are usually
fabricated using micro moulding or two photon polymerisation-micro moulding tech-
niques. Micro moulding involves using a master mould which is filled with a slurry of
the ceramic. The sample is then dried and sintered to obtain the MNs. Two photon
polymerisation micro moulding is a sol gel process that creates a matrix between the
organic and inorganic compounds [30, 31, 32].

A large variety of polymers can be utilised to fabricate MNs. The key advantages of
using polymers are that they are lower cost than other materials, they have high biocom-
patibility, they can be biodegradable, and they offer reasonable strength and toughness
and low toxicity. Other materials like metals and silicon have higher mechanical strength
than polymers, but polymers can offer higher toughness than glass or ceramics. The
manufacture of polymer MNs is generally low cost and quicker than alternative materi-

als like silicon and can be additive rather than subtractive. There are many fabrication



techniques including injection moulding, laser micro machining, micro moulding, cast-
ing, drawing lithography and hot embossing. Each method can produce MNs or varying
shapes and sizes including solid, hollow and porous [33, 34, 35]. As seen in the table
below there is a large range of polymers used for fabricating microneedles. The type of
polymer used varies depending on its application. Polymers used for making the main
MN structure need to have high mechanical strength, toughness and biocompatibility
for example polycarbonate [36, 37|. Polymers which are to be used for dissolvable MNs
need to be biodegradable at the correct rate for the drug release time frame desired of
which polyvinylpyrrolidone (PVP) is a common example [38]. Polymers are also often
used as coatings on solid MNs in the form of hydrogels to be loaded with a drug and for
controlled drug delivery release. These polymers need to be swellable to allow for release
of the drug when inserted into the skin. Examples of hydrogels used for microneedles are
Poly (methyl vinyl ether)/ maleic acid (PMVE/MA) and poly (ethylene glycol) (PEG).
There is the possibility of bespoke polymers designed for specific MN applications [39].
Polysaccharides such as cellulose and sodium alginate are used as dissolvable MNs along
with sugars such as Maltose 34, 40|. There are many composites of polymers trialled
to combine the required properties for desired applications. Examples are composites
of PEG and PMVE/MA hydrogels and alginate and maltose polysaccharides, among

polymer and non-polymer composites.

1.2.2 Materials and Techniques used for microneedle biosensing

MNs must penetrate the skin efficiently in all applications. In the case of biosensing
MNs it is to reliably access the ISF. Solid microneedles are used in biosensing as well
as delivery. These MNs are used as the functionalised electrode in situ. The solid
MNs for biosensing are made with materials like silicon, metal or polymers which have
high mechanical strength and toughness. These materials allow the MNs to keep their
shape well enough that they penetrate the skin efficiently [22, 41]. They can be used
to sample ISF but are inefficient as they are prone to interference in results because of
extended collection times. Solid MNs are usually coated in a metal or made of electric-
ally conductive materials in order to work as in situ electrodes. The coatings on these
MN usually contain enzymes and other biomolecules to act as selective biosensors or as
the means to hold drug to be delivered. Coatings of materials like metals can be used
to improve the mechanical and/or electrical properties of the MNs. Examples include
coating in gold or platinum to improve mechanical strength, electrical conductivity and
bio-compatibility [42, 43].



MNs made from non-electrically conductive materials like polymers or ceramics can
be utilised as sampling techniques for out of body testing. These microneedle systems
are usually either porous, hollow or swellable. Swellable microneedles are able to absorb
the ISF, they are usually solid needles coated with Hydrogels such as alginate or PEG
and are utilised to sample the ISF. The hydrogel coated MNs swell on contact with
water which is the main constituent of ISF but during insertion they are sharp and
hard enough to penetrate skin efficiently [34, 44]. One of the earliest instances of using
MNs to sample ISF was for continuous glucose monitoring. These MNs were hollow and
made from silicon and integrated to an external electrochemical biosensor. Capillary
and evaporation forces drove the flow through the hollow MNs into the glucose biosensor

[45].
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1.2.3 MN Image Characterisation

MNs can be characterised by imaging using various techniques. These can be used
to identify structural characteristics and changes in response to stimuli. The most
common way of imaging microneedles is through scanning electron microscopy (SEM)
as this allows views of the shape and surface features of the MNs. An SEM is a type
of electron microscope that uses a focused electron beam which interacts with a sample
to produce signals to be converted into an image. Images can be taken from different
angles and there is no light reflection as can occur in an optical microscope image. The
magnification ability is also large from 20x to 30000x times over an area between 5pm
and lem with a spatial resolution of 50 — 100 nm depending on the specification of the
machine [68]. Examples of MNs imaged by SEM seen below in figure 1.2 {69, 70]

(c) (d)

Figure 1.2: a) and b) SEM images of polymer MNs , c¢) and d) SEM images of silicon
MN

Characterisation methods to determine penetration efficiency include optical coher-

ence tomography (OCT) and histology. MN treated skin (animal or human) can be
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stained simply by dyes such as methylene blue to confirm MN penetration. These dyes
will stain only the viable epidermis and not the stratum corneum so that the micropores
created by the MNs can be identified. There is no identification of the efficiency of the
penetration from this test, just that penetration of the stratum corneum has occurred.
Some measurement of the micropore is possible by measuring the diameter of the dye
spots, this however has its limitations as movement of the dye in a lateral direction
can cause over estimation of size. False positive can also happen if the dye pools in an
indentation of the stratum corneum 71, 72].

Figure 1.3 shows an example of methylene blue stained MN pores [72].

Figure 1.3: Methylene blue staining of MN pores into skin

Histology and skin staining are an improvement on the visible staining tests, it does
however take a long time to do in comparison to other techniques. In this case the MN
treated skin is taken from the bulk and flash frozen with liquid nitrogen. This piece
is then sliced in a cryostat to obtain slices of around 6-12pm thick. Usually the slices
are then stained with eosin and hematoxylin to make the microchannels visible [73, 74].
This technique is quite destructive as there is a lot of mechanical manipulation and the
potential for pores to deform or change shape before staining leading to mismeasure-
ments of micropore diameter. Histology can be used to determine the depth of insertion

by the MNs. Figure 1.4 shows an example of a stained section with micropores showing
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72].

Histological sectioning

Figure 1.4: Stained histological section showing micropores caused by MNs

Confocal microscopes are also useful for imaging ex-vivo and in-vivo MNs. It involves
treating skin samples with a fluorescent solution after MN insertion and then imagining
the fluorescent probes which have migrated down the pores. This allows for depth
measurement, of the micropores in a non-invasive way without having the long staining
and sectioning process for histology. The main issue with this method is that depth of
image is a maximum of 250pm below the skin surface. This depth is shorter than the
length of many microneedles [22, 40, 71].

OCT is the best option for imaging the insertion and penetration depth of MNs. It
can be done in real time and does not require mechanical manipulation of or excision
of the skin samples. It can 3D image in-vivo with no need for removal of tissue or
pre-treatment down to a depth of about 3mm. The technique is similar to a traditional
ultrasound as it uses an echo technique using reflections of light to generate images of
the structure [22, 75, 76].

Figure 1.5 shows an example of an OCT section after MN insertion [75].

12



Figure 1.5: Section of OCT image showing micropores after MN insertion

1.2.4 Mechanical Characterisation

Mechanical characterisation of MNs needs to be carried out, including the different
modes of failure, to assess the safety of the MN arrays. A wide variety of stresses are
exerted on MNs especially during insertion and removal. Stresses induce buckling and
bending of the MNs and fracture of the base plates. The first fracture tests were done
on single microneedles described by Zahn et al. They used a force gauge to gradually
increase vertical forces from 0-20g on the MN tips until it fractures [77].

Axial tests are used on MNs and involve applying a force which is perpendicular to
the base plate. Usually a mechanical force transducer is used to perform this type of
test. The transducer will record force and displacement as the MNs are pushed against
a defined hard surface. Fractures can be observed in the data through a sudden decrease
in the force illustrated on the force displacement curve recorded [78, 22].

During insertion of MNs there is the potential for transverse forces to occur. These
can be tested with a force testing transducer like the axial tests. MNs are fixed with
the base plate parallel to the force applied and a specific point on the side of a MN is
subject to the force until it breaks. This is recorded as a sudden decrease in a force
displacement graph similar to the axial force tests. The transverse force can be applied
to a row of MNs instead of a single MN and then the force per MN is calculated by
dividing by the number in the row. It can be difficult to accurately align the MNs
in these tests to the same point of the MN in each case leading to some inaccuracies
in measurements even with the use of a microscope or microscope camera as an aid
22, 78, 14].

Insertion forces are an important parameter to calculate as when combined with the
fracture force data, a safety consideration can be decided. This safety consideration will
look at if the MNs will shatter or deform with adverse effects on the skin or body. Skin

tissue samples are required to make insertion force measurements and the majority of
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studies use histology and microscopy to evaluate the MNs ability to pierce the skin. In
order to calculate insertion forces, force displacement measurements are required using a
mechanical force station with the skin tissue samples. Tests like these have been carried
out on MNs varying in diameter, yielding results which vary between 10mN and 4.75 N
per MN depending on the size and shape of the MN and the tip sharpness. [73, 14, 79].
For MNs to be safe, the fracture forces need to be significantly higher than the force of
insertion. Applicators are used to control the force and placement of insertion [80].

There are different mechanisms of deformation which MNs can experience. The mech-
anics of the MNs can be best described by the following equations.

The maximum compressive force that the MN can withstand:

FCompressive = 5YA (11)
Where §yis the yield strength and A is cross-sectional area of the needle tip.
The buckling force is given by:

ET
FBuckl'ing = Wzﬁ (12)

Where E is Young’s modulus, I is the moment of inertia of the cylindrical section
and L is the length of MN.

After the skin is punctured the resistive force is governed by:

FResistance = PPierceA (13)

Where Ppjerceis the pressure required to puncture the skin.

The Bending force the needle can resist is given by:

oy 1
FBending = CYT (14)

Where 6y is the yield strength, ¢ is the distance from axis to outer edge of the MN,
I is moment of inertia of the cylindrical section and L is the length of MN [81].
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1.2.5 Electrochemical Characterisation

MN biosensors must be conductive in order to function as intended. They can be char-
acterised electrochemically like other sensors to determine quality and reproducibility
and identify impurities. The electrical conductivity of the microneedle sensors can be
measured using an four point IV probe to measure resistance. This is important to test
the surface of the array of MNs to ensure uniformity between different MN sensors. The
electrode surface can be studied using cyclic voltammetry (CV). CV allows the iden-
tification of regions of the redox system and the properties of the electroactive species
in the solution. This set up is achieved with a 3-electrode system where the relative
potential from a reference point is scanned at the working electrode and characterises
the electrode material for the application. Most commonly the ferro/ferricyanide redox
system is used to give an indication of the electroactive surface area of the MN electrode.

The technique enables rapid identification of redox couples [84].

1.2.6 Current and Potential Uses for Microneedles for Biosensing
Applications

1.2.6.1 Currently researched uses for microneedles for biosensing applications

Microneedle biosensors are a relatively new technology. Many different applications have
been utilised with microneedle biosensors, they range from measuring or monitoring
the levels of drugs in the skin to pH sensing and biomarker sensing. They are not
widely used by patients and are largely in the research stage [85]. The most prevalent
application is the sensing of glucose and lactate, this is because of the large industry
related to diabetes and sports science[86, 87, 88]. Microneedle biosensors have also
been used to detect alcohol [89], nerve agents (e.g. methyl paraoxon) [90] (120), B-
lactam antibiotics[91], urea|92], K+ and Na-+ ions, nitrogen oxide[93, 88|, therapeutic
drugs|93], and skin burns[94]. The needles on the biosensor can be hollow or solid and
can sense by extracting ISF or sensing whilst in the skin.

Glucose is the most commonly detected analyte using MN biosensors. The detection
of glucose is used to monitor the condition of patients with diabetes to help them better
manage. The enzyme glucose oxidase is immobilised on the sensor surface to detect
glucose through the presence of HoO9 generated by the reaction of the analyte with
the glucose oxidase enzyme [88]. Glucose dehydrogenase is also used as an enzyme for
detection of glucose. It is a useful enzyme as it does not require oxygen for its enzymatic

reaction and has a rapid electron transfer rate however it is relatively expensive in
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comparison to glucose oxidase and less stable. There are many different glucose MN
sensors, made from all sorts of materials from silicon to polymers. Some of these are 1st
generation glucose sensors utilising the reaction of HoOg for the sensing data and others
are 2nd generation glucose sensors which utilise redox mediators such as vinylferrocene
or ferrocenemonocarboxylic acid. The linear ranges of these sensors vary greatly also,
from a short linear range up to 0.6mM to a wider linear ranges of 0-20mM. These sensors
show a lot of promise for minimally invasive continuous glucose monitoring [95, 96, 97].
One study has shown the possibility of a self-powered glucose sensor and reports using
this concept with metallised MNs to obtain a linear range of up to 80mM [98]. Jina
et al in 2014 conducted a clinical study with diabetic patients and a working in vivo
MN prototype. The sensor was tested continuously over 72 hours and showed results
consistent with blood glucose measurements from a commercial finger stick device [99].

Glutamate is another analyte which has been detected by a MN sensor. It is a
neurotransmitter present in the synapses in the central nervous system. The levels of
glutamate are an indicator of the health of a patient’s central nervous system. There
have been clinical studies which show a correlation between glutamate levels in the ISF
and the levels in cerebrospinal fluid which would indicate MN to be a viable much less
invasive testing alternative [100].

Lactate is also a very common analyte detected using biosensors as it can diagnose
muscle fatigue and sepsis. It is the natural bi-product of anaerobic respiration in the
glucose metabolism. Blood lactate levels are typically 1mM to 2mM at rest or dur-
ing moderate exercise, they increase as anaerobic respiration occurs. Lactate cannot
be fully processed in the muscles so it builds up in the muscles and then the blood-
stream [101, 102]. Lactate can also be used as an aid in sepsis diagnosis. Critically
ill patients who are suffering shock or hypo-perfusion have lactate levels above 2mM
and those with a level above 4mM indicates the need for resuscitation and ICU ad-
mission. Elevated lactate levels can be associated with increased mortality [101|. For
electrochemical sensing of lactate the two enzymes used are lactate oxidase and lactate
dehydrogenase. The lactate oxidase catalyses the reaction of lactate to pyruvate which
in the presence of oxygen forms hydrogen peroxide. This is chemically active and can be
oxidised and reduced to give the peaks proportional to the lactate concentration. Us-
ing lactate oxidase however requires a high potential which can lead to interference by
other electro-oxidisable species. Lactate dehydrogenase has high catalytic activity for
the conversion of lactate to pyruvate and Nicotinamide adenine dinucleotide phosphate
(NADP). Lactate dehydrogenase works in the presence of a co enzyme either Nicotin-
amide adenine dinucleotide (NAD) or NADP which act as mediators. The Nicotinamide
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adenine dinucleotide hydride (NADH) is oxidised and it is this oxidation current which
is proportional to the lactate concentration [103, 104]. Gold and platinum are the most
common materials for electrodes as they have their own electrochemical characteristics
that lean towards oxidation of hydrogen peroxide [105]. Other microneedle sensors use
carbon and hydrogels on their surfaces. Lactate MNs sensors are also often combined

with glucose sensors [106, 107].

1.2.6.2 Potential uses for microneedles for biosensing applications

Currently hydration can be tested using blood tests or wearable sweat tests [108]. MN
tests would offer minimally invasive alternative to blood tests and a more accurate
alternative to sweat tests which are prone to contamination. Urine tests are also used
and can cost between 30 and a couple of hundred dollars for portable refractometers.
Lab refractometers can cost as much as $4000 [109].

For cystic fibrosis currently heel prick tests are performed on babies and if this is
positive, a sweat test is used to confirm [110]. When diagnosing cystic fibrosis (CF)
A result of 29 or less mM chloride means CF is unlikely, between 30 and 59mM CF is
possible and further testing is needed and greater than 60mM CF is very likely. Most
current biosensors for cystic fibrosis utilise the sweat as the analyte fluid and are often
wearable. A high salt level in the sweat would be considered over 60mM chloride to
indicate cystic fibrosis. It does however need to be backed up by lab testing [111].

There are many methods of chloride measurement by electrochemical sensors to detect
chloride ions. One example uses silver nanoparticles conjugated with a thiol linked
oligonucleotides and immobilised on a gold electrode. If a specific potential is applied
to the gold electrode in the presence of the chloride ions the silver is oxidised and AgCl is
formed. Using cyclic voltammetry to detect the oxidation of the silver nanoparticles to
form a Ag/AgCl layer, a strong oxidation peak is only seen when the silver nanoparticles
are in the presence of Cl- ions [112].

Dong et al developed a sensor using a carbon fibre microelectrode with single walled
carbon nanotubes and gold nano leaves. The high surface area of these three dimensional
nanostructures increase the specificity of the sensor. This electrochemical sensor utilised
differential pulse voltammetry to observe an anodic peak that indicated the presence of
Cl- ions [113].

The majority of chloride sensors utilise an Ag/AgCl electrode as it is highly selective
to chloride ions. Flexible chloride sensors have been fabricated, one example senses

chloride ions without the use of a reference electrode. The sensor substrate is made
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of polytetrafluoroethylene (PTFE) and is loaded with multi walled carbon nanotubes
which Ag nanoparticles were then attached onto. This sensor was further enhanced by
incorporating a hydrophilic copper benzene-1,3,5-tricarboxylate (Cu-BTC) to increase
the adsorption of the chloride ions and the measured chloride ions response was defined
by the resistance change when measured [114].

Screen printed electrode sensors have also been developed, an example of these sensors
has carbon paste working and counter electrodes with a Ag/AgCl reference electrode.
The sensor works by measuring the Nernstian shift of the voltammetric peak potential
of ferrocenemethanol in the presence of chloride ions and made use of a pseudo-reference
electrode within the system [115].

There are sensors which use chronopotentiometry and an Ag/AgCl working electrode
with another identical Ag/AgCl pseudo-reference electrode. The difference potential is
then used to measure the concentration of chloride ions. This two Ag/AgCl electrode
method has been used to measure chloride in concrete and later will be described in
Chapter 6 where it has been adapted to measure chloride with a MN array sensor .

Cholesterol is a type of lipid called a sterol, found in the body. It is an important
analyte to to investigate as it is an indicator of risk for many different diseases such as
cardiovascular disease. A healthy level of cholesterol in the body is below 5mM total
cholesterol, below 4mM Non-HDL cholesterol, below 3mM LDL cholesterol and above
ImM HDL cholesterol for men and above 1.2mM HDL cholesterol for women [116].

The mechanisms for cholesterol electrochemical biosensors are mainly focused on the
enzymatic reaction of cholesterol oxidase with cholesterol. Usually the sensors monitor
the consumption of oxygen or the production of hydrogen peroxide as a result of the
enzymatic reaction also known as electrocatalysis of hydrogen peroxide [117, 118]. Cho-
lesterol can be determined in a similar way to glucose using either a first, second or
third generation sensor.

The first-generation of sensors monitor the hydrogen peroxide produced as a result
of an enzyme catalysed reaction. These are based on an enzyme substrate or product’s
electro activity [119]. Cholesterol Esterase (ChEt) can be used to break down cholesterol
esters into free cholesterol through the following reaction so they are available to react

with cholesterol oxidase as shown in Equation 1.5 [120].
Cholesterolester + HoO — Cholesterol + fattyacid (1.5)

Cholesterol oxidase (ChOx) catalyses the reaction of free cholesterol to cholestenone
(Cholest-4-en-3-one). The cofactor Flavin adenine dinucleotide (FAD) in ChOx is re-
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duced which then reacts with dissolved oxygen (O2) and produces hydrogen peroxide
(H202). The H204 is then measured by the sensor by oxidising it back to dissolved
oxygen and water. It is then the oxidation and reduction of the hydrogen peroxide
which is monitored. The equations and mechanism as shown in Equations 1.6, 1.7 and
below in Figure 1.6 [121, 122].

Cholesterol + Oy — Cholest — 4 — en — 3 — one + H04 (1.6)

Hy05 — Oy +2H™" + 2¢” (1.7)

Figure 1.6: Schematic of the mechanism of a first-generation Cholesterol sensor

Normally a high anodic potential of +0.6V - 0.7V is required to carry out electro-
oxidation of hydrogen peroxide, however this high anodic potential is susceptible to
interference from oxidisable molecules commonly found in bio-samples such as ascorbic
acid, uric acid and acetaminophen [118, 123, 124|. The effectiveness of the cholesterol
oxidase biosensors is dependent on the success of the enzyme immobilisation onto the
sensor. There are two main mechanisms for enzyme immobilisation onto the sensor
which are direct adsorption and entrapment. Changes in pH, temperature and ionic
strength can cause protein desorption of the enzyme which are weaknesses of the direct
absorption mechanism [125|. Polymer films have been utilised as aids for entrapment
and therefore immobilisation of the enzyme onto the surface. Examples of polymer mem-
branes/films which have been utilised are polyvinyl alcohol(PVA), epoxy, polypyrrole,
polyaniline, polyvinylsulfonate, polyacetate, polythiophene and polyindole. Many of
which are conductive and can improve sensitivity and stability or act as charge control
membranes [118, 126].
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Second generation sensors aim to avoid interference of other electro-oxidative species
by enlisting a redox mediator. Using a mediator allows the hydrogen peroxide reduction
current to be measured at lower potentials such as +0.2V or +0.1V [124, 127]. Examples
of mediators to be used in 2nd generation sensors are potassium ferrocyanide, Prussian
blue, ferricenium ion, hydroxymethyl ferrocene and 1,10-phenanthroline-5-6-dione (PD)
[117]. Prussian blue is well know to exhibit high activity and selectivity through cata-
lytic reduction of hydrogen peroxide. It has been shown to have a catalytic rate constant
of 3 x103 M-1 s-1 which is similar to the constant for peroxidase, this has given Prus-
sian blue the name of ‘artificial enzyme peroxidase’ [124, 128, 129]. Using ferricenium
ion (Fc+) as an example mediator the following equations 1.8, 1.9, 1.10 describe the
electron transfer to the electrode [126].

The mechanism of second generation electrode is shown in Figure 1.7.

Cholesterol + ChOxo, — Cholest — 4 — en — 3 — one + ChO%eq (1.8)
ChOzyeq + 2Fc¢™ — ChOzxyy + 2F ¢ (1.9)

2Fc — 2Fct + 2e” (1.10)

Figure 1.7: Schematic of the mechanism of a second-generation Cholesterol sensor using
a mediator.

Some mediators such as Prussian blue can lose their catalytic effect by rapid desorp-
tion from the electrode surface which can limit the lifetime of the biosensors. When
required in microneedle or other transdermal sensors, mediators such as ferrocene have
the potential to present a toxicity issue. Leaching of the mediator causes a problem
due to the small size of the molecules and therefore diffusion into the body [127, 130].
While mediators in second generation sensors do decrease interference in comparison
to first generation sensors due to the lower potential used. When in the presence of

interfering redox enzymes they can transfer electrons between other reactions as well as
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the transfer between ChOx and electrode.

Third generation sensors are direct electron transfer sensors. These biosensors facil-
itate electron transfer between the electrode and the active centre of the redox enzyme.
The redox enzyme acts as an electrocatalyst allowing the electron transfer directly
without mediator or hydrogen peroxide thereby reducing the potential required. The
transfer of electrons happens only between the electrode and enzyme as depicted in

Figure 1.8 below.

Figure 1.8: Schematic of a third-generation direct electron transfer mechanism

There is little to no interference with the direct electron transfer biosensors as they can
operate in a potential range that is much closer to the enzyme’s redox potential. This
is achieved by the close integration of the electrode surface and the enzyme molecule.
Third generation sensors can be difficult to optimise due to the requirement of a short
distance between enzyme active centre and the electrode. The contact to the electrode
surface can promote an electron tunnelling mechanism which forms part of the Marcus’
theory for electron transfer kinetics. Not only does the distance between the redox
centre need to be as close as possible, the reorganizational energy of the redox species
and the potential difference needs to be optimal [119].

Usually the enzyme active site is deep within its protein structure and therefore the
distance for direct electron transfer is long due to the protein shell shielding. This
has lead to designing sensors which reduce the distance of this site from the electrode.
Nanomaterials such as multi walled carbon nanotubes (MWCNTs) have been utilised
for direct electron transfer cholesterol biosensors [125]. Other materials such as re-
duced graphene oxide, graphene, modified polyaniline, polyvinylpyrrolidone and gold
nanoparticle modified MWCNTS in nafion matrix have been shown to increase the elec-
trocatalytic activity giving potentials which match closely to the FAD redox active

centre in the ChOx [117|. The studies by Zhang et al and Pakapongpan et al have
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shown that these sensors can work at a potential of -0.4 and -0.484 V respectively, close
to redox active centre potential [125, 131].

Methods including chemical modification of the surface can improve the reliability of
immobilising the ChOx in the optimal orientation for direct electron transfer through the
formation of self-assembled monolayers (SAM). These layers can stabilise and control the
orientation to some extent. Cholesterol biosensors have been made with SAM modified
surfaces using thioglycolic acid [132].

Cholesterol amperometric biosensors can also have increased direct electron transfer
scope when coupling with other enzymes that possess a high direct electron transfer
ability. An example would be to couple ChOx with peroxidase. The peroxidase which
exhibits a high affinity for direct electron transfer acts as an electrocatalyst for hydrogen
peroxide reduction. Third generation sensors are also limited by their electron transfer
kinetics which are generally slower than the mediated second generation sensors [119,
125, 133|.

The most appropriate method using a microneedle based sensor platform will be
investigated in [134].

Multiple analyte devices are being researched such as this MN based biosensor by Gao
J et al which simultaneously detects glucose, uric acid and cholesterol using flexible MNs
and a multichannel portable electrochemical analyser. It works with a linear range of
1-12 mM for cholesterol [135].

1.3 Microneedles for drug delivery applications

Topical drug delivery is a popular method of delivery for drugs. It is however limited
by the permeability of the stratum corneum. Only molecules with a weight of 500
Daltons or less can pass through the stratum corneum therefore a bypass mechanism is
necessary to improve the efficacy of drug delivery across the skin barrier [12]. Topical
creams and transdermal patches do not offer sufficient therapeutic action across the skin
and hypodermic needles, though they offer up to 100% delivery of a drug, are invasive
and painful due to penetrating deep in the dermis where there are nerve endings. MNs
offer the desirable characteristics of both a transdermal patch and a hypodermic needle.
MN can achieve efficient drug delivery without causing pain as they break the stratum
corneum to allow passage of the drug but are minimally invasive so do not penetrate
deep enough to stimulate nerves in the skin. Percentage of loaded drug delivered by MNs
is as high as 100% whereas hypodermic offers 90-100% with pain and topical creams
and transdermal patches only offer 10-20% of the total drug delivered [10].
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1.3.1 Microneedle drug delivery techniques

Solid MNs can be used for drug delivery. They are primarily designed to break through
the stratum corneum of the skin to create micropores. Through these pores the skin
ISF can be accessed for drug delivery. The poke and patch method uses solid MNs to
create these micropores and then apply a topical drug to the skin which then passes
through. Coatings can be applied to functionalise the MNs and facilitate drug delivery
more directly [32, 136]. The coatings or the entire solid MN can be swellable. Swellable
MNs work by swelling once they pierce the skin absorbing the ISF and either releasing a
drug into microcirculation or they collect the ISF for analysis. Hydrogels are a common
type of material used on swellable MNs. Hydrogels are cross-linked polymers, the lower
the number of cross-linking chains the more swellable the polymer. This can be used
as a control for drug release. The main disadvantage of swellable MNs is the reduced
mechanical strength which hinders the efficiency of the MN penetration [137, 138|.

Dissolvable MNs are used in drug delivery, usually they are made with a sugar or
biodegradable polymer. When inserted into the skin the biodegradable tips of the
MNs dissolve and can release drugs which have been encapsulated in the polymer or
carbohydrate matrix [138]. Polyvinylpyrrolidone (PVP), sucralose and cellulose are
often used as materials for dissolvable MNs. This allows drug release over time which
can be controlled based on the nature of the matrix of the MNs therefore drug release
time can vary between minutes and days [139].

Porous MNs are solid needles which have pores that can be used to store a drug for
delivery. The size of the pores can vary from the nano range to the micro range in size.
Different sized pores have different delivery applications including vaccine encapsulation
and drug encapsulation. The pores can be fabricated in a multitude of ways including
the dissolving of small bubbles and etching. Porous MNs offer an increased volume for
loaded drug to be stored however the pores can reduce the mechanical strength of the
MN arrays [140, 141, 142].

1.3.2 Applications of Microneedles for drug delivery

MNs can be used to deliver many types of different substances, these can be categorised
into biotherapeutics, vaccines and cosmetics. They are extremely useful for delivering
macromolecules which would otherwise be too large to pass the stratum corneum barrier.
They offer localised delivery and bypass the gastrointestinal system therefore lower
systemic doses are required. One of the most widely studied biotherapeutic drug to be

delivered by MNs is insulin due to the prevalence of diabetes and the importance of
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regular insulin injections. Dissolving insulin loaded MNs have been shown to enable
effective delivery of insulin to reduce the blood glucose level in a diabetic rat animal
model [143, 144].

Other drugs which have been through clinical trials with MN delivery are the para-
thyroid hormone by the company Zosano Pharma who are developing a transdermal
patch with titanium MNs coated in the drug with a hand-held applicator. The only
other method of delivering this drug is by injection thus using MNs reduces the pain
for the patient. They found that all the patch doses increased the spine bone mineral
density of the patients [145]. The administration of local anaesthetics including lido-
caine have been trialled on both solid and hollow MNs. Lidocaine delivery through
hollow MNs has been tested versus delivery via a 26 gauge hypodermic needle. The
pain levels between the two methods were compared at various time intervals after in-
jection /application. The MNs were found to be significantly less painful on the different
areas of the body. These results demonstrated that the MNs were just as effective at
delivering the local anaesthesia [146]. Solid MNs have been shown to facilitate the de-
livery of a topical anaesthesia cream which reduces the time period needed to give a
reduction in pain and showed a greater penetration depth of the local anaesthesia [147].

MN vaccine delivery is a large area of research amongst the literature. There are many
advantages to administering a vaccine using MNs such as higher compliance among
patients because of the reduced pain and a more targeted vaccine due to the immune
cells found in the skin. There have been human trials for administering the influenza
vaccine using a MN system. One such trial found that a lower dose of the vaccine
administered gave a similar result to the ordinary dose delivered intramuscularly. The
MN patches were the preferred method of delivery for the patients even with some
irritation at administration site. They also had the advantage of being self-administered

which would reduce staffing costs if widely accepted [148].

1.3.3 Microneedles in commercial drug delivery

There are some commercially available MN systems for drug delivery. Some of these
include the LiteClear® which uses solid silicon MNs as a pre-treatment to skin before
applying a topical cream with the active ingredients in it. It is sold in China as a
treatment for Acne and in the rest of the world as a cosmetic blemish treatment product
[149]. Soluvia® [150] is sold prefilled with influenza vaccine brands IDfu®, Intanza®
and Fluzone Intradermal [151]. It consists of a 1.5mm long, single hollow MN which is

attached to a syringe. Raphas® beauty patch is an array of dissolvable MNs designed to
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deliver drugs or cosmetics transdermally [152]. MicronJet® is a device which consists
of 4 hollow silicon MNs attached to a plastic adapter suitable for use with standard
syringes [153, 21]. Another MN system for the delivery of vaccines is VaxiPatch which
delivers the influenza vaccine also using a stainless steel MN array. In the delivery of
vaccines the tissue trauma from MN insertion can be used as an adjuvant to improve
immune response to a vaccine [154].

Many MN patches can be inserted just using a thumb pressure however for a more
reliable and accurate insertion of the MN an applicator is used. There are many on the
market at the moment, all of which have different types of mechanisms including impact
applicators with retainers, spring applicators, pressing applicators, plungers with coiled

compression springs, examples can be found in Table 1.3 [155, 156, 157].
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Table 1.3: Description of MN applicators from different companies

Company

Description of MN Applicator

Year

Valeritas Inc.

The applicator includes a slidable disposable
applicator plate, and a compression spring.
The plate is moveable between a retracted
position and a deployed position. It has an
engaging surface suitable for pressing up
against a microneedle patch and pressing it
against a skin surface.

2016

Alza Corporation

An impact applicator which applies
micro-protrusion membranes to the skin’s
surface with a retainer.

2005

An impact spring applicator with a spring
between the cap and piston of the applicator.

2006

Corium international
Ltd.

MNs placed under the button of the device
which then presses the needles into the skin
upon application.

2008

3M Innovative
Properties Company

A plunger device using a compressed coil to
drive the plunger and a device using a leaf
spring design.

2005

Elastic band applicator. Placed around the arm
and pulled to then recoil and cause the MN
penetration.

2008

Non-skin contacting, propels the needles across
the distance between applicator and skin which
the device determines.

2008

Flexible sheet applicator. When force is applied
the sheet undergoes stepwise motion and
creates micropores on the skin surface.

2008

NanoBioSciences LLC

Handheld device with a planar application side
and an actuation unit on the opposite side. The
MNs were released when activating a button.

2007,2010

BD & Company

Pen type MN applicator with a liquid drug
filled cartridge and plunger driven mechanism.

2009

uPRAX Microsolutions

A digitally controlled applicator containing an
electromagnetic actuator (solenoid) which
includes a 23 gauge plunger that a 2 gauge
microneedle mount is attached. This moves in
a vertical direction.

2018
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1.3.4 Microneedles in commercial cosmetics

MNs are used in the cosmetics industry much like they are for drug delivery. The
application of cosmetic MNs is mainly divided into two application categories. One is
the use of just the needles to promote the healing of skin and the other is patch delivery
of cosmetic products through the micropores that the MNs create in the skin resulting in
more penetration and permeation [158]. See Table 1.4 for list of commercially available

products.

1.3.4.1 Dermarolling

MNs can be used to stimulate skin repair and are often used as a treatment for scars
(including acne scars), stretch marks and wrinkles. This concept is fairly recent with
the first description of using dermal needling for scars in 1995, however the collagen
induction therapy using dermarollers was introduced in 2006.

Standard dermarollers have around 200 MNs of 100pm in diameter and 500-1500pm in
length. The MNs are usually made with etching techniques on silicon or stainless steel.
The standard dermarolling procedure is carried out in a clinic usually, however there
are home based rollers which have shorter MNs [159]. Most commonly dermarollers are
used to improve acne scars. Acne scars are a huge cause of low self-esteem and other
psychological issues and there have been limited ways of improving the appearance of the
scars after experiencing acne. Some of these methods like dermabrasion are harsh and
can affect daily activities near the treatment times whereas the gentler treatments do not
produce results which are as efficient. This is where microneedling with a dermaroller is
useful. The dermarolling process is generally well tolerated by patients and it produces
a good result of scar reduction although it does not completely remove scarring[160].

There are many at home dermarollers, often termed as micro dermarollers, which
can be used to increase the effectiveness of skincare products. Some of these products
are sold alongside clinic skincare and others are for general use with normal serums
and moisturisers. Some dermarollers come with multiple heads which carry different
length microneedles for different uses, including brands like Swiss Clinic, ZGTS and
the original Dermaroller [161, 162, 163|. There are many other brands that offer this
at varying different price points. The most common length for the dermaroller MNs is
between 200 and 500 pm although there are many brands which offer up to 2.5mm MNs
such as The Body Dermaroller by Skin Radiance[164]. The commercially available MN
systems called Dermapen® and Dermastamp'™ work in a similar way to the dermaroller

but on a flat substrate. The Dermastamp is inserted in a vertical motion to create the
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micropores in the skin and The Dermapen also oscillates the MNs at different frequencies
and uses a motor to avoid the variance of insertion force between users [165]. Skin
Pen was the first FDA approved microneedling device and has been subject to clinical
trials. The device creates micro injuries which stimulate wound healing mechanisms
such as thickening of the skin with proteins for example collagen and with little to no
inflammation. The device has been tested in animal studies and human trials and is

used to help with scarring specifically from acne [166, 167, 168].

1.3.4.2 Cosmetic MN patches

Cosmetics can be delivered to the skin in a similar way to drug delivery patches by
creating micropores in the skin so that the cosmetics can bypass the stratum corneum
and penetrate deeper into the epidermis. A popular way to deliver product into the
skin is through dissolvable patches which have the cosmetic ingredients encapsulated in
dissolvable MNs, for example the brand Zitsticka offer ‘Microdart’ patches filled with
ingredients such as niacinamide and salicylic acid to reduce and treat spots specific-
ally the ones deeper under the skin [169]. The substrate is a hydrocolloid with the
microdarts embedded onto it. Traditional spot stickers are just a hydrocolloid patch.
The hydrocolloid can draw the moisture out of a spot but only affects surface spots
and with the aid of the dissolvable microdarts the Zitstika delivers hyaluronic acid,
niacinamide, salicylic acid and oligopeptide. Hyaluronic acid is for moisture retention,
salicylic acid and niacinamide are used for acne and oligopeptide-76 is an antimicrobial.
The microdarts deliver these ingredients directly into the spot under the skin where
they dissolve. Another product is called MicroHyala and is also covered in dissolvable

MNs which contain hyaluronic acid to treat wrinkles [170]. See Table 1.4 for examples.
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Table 1.4: List of commercially available microneedle products and their application

Product name Vaccines Cosmetics Drugs

LiteClear® X X
Soluvia® X
Raphas®

MicronJet® X

>
>

Swiss Clinic dermaroller

7ZGTS dermaroller

Original dermaroller

Microdart

MicroHyala

Derma pen

M K R | ] A

Derma stamp

Vaxipatch X

>

Skin pen

1.4 Conclusions and future trends

The progress of microneedles as drug delivery systems is far ahead of their use as in-
situ biosensors with many commercially available MN drug or cosmetic delivery devices
currently available. Although there is a lot of high quality research being undertaken in
MN biosensing, there is currently no commercially available point of care MN systems
due to most being in research or clinical trial stage and that microneedles need to be
commercially produced at large enough scale to be cost effective. This is where polymer
MNs and microneedles fabricated using easily adaptable and cost effective methods can
overcome these barriers. The polymer screen printing method covered in this thesis has
huge potential in this area as it is already used for larger scale factory fabrication of
cosmetic MNs. It is expected in the near future for there to be point of care devices
available as there have been human clinical trials using MN sensor systems that look
promising for future development. More research is being done to fabricate multi analyte
devices and devices which can simultaneously detect and deliver therapeutics, known

as theranostics.
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The outline of this work looks at the current status of research into microneedles,
diagnostics and therapeutics. It covers fabrication and optimisation of the pre-existing
process for fabrication of printed polymer microneedles, their characterisation and func-

tionalisation for the application of biosensing and therapeutic delivery.
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2 Experimental Methodology

This chapter describes the equipment and method set up for the experiments in the
following chapters 3-6. This covers the methods to fabricate microneedles by modi-
fied stencil printing, metallising microneedles to give conductive microneedles suitable
for biosensing, functionalising microneedles with either enzymes or silver chloride and
characterising the microneedles ability to penetrate skin and be used for determining

analytes such as chloride and cholesterol and delivery of drugs.

2.1 MN fabrication

2.1.1 MN fabrication - DEK Screen Printing Machine

A process called Microlithographic 3D printing (ML3DP), which is a modified sten-
cil printing method was used for polymer fabrication of microneedles or other micro-
structures using a modified DEK Horizon 01 screen printing machine (ASMPT SMP
Solutions, Germany) seen in Figure 2.2, typically used for surface mount technology in
electronics. This process differs from the standard process which is widely used but not
in this area in that the height of the stencil is varied with respect to the substrate to al-
low a gradual build up of layers and has been patented by Innoture Medical Technologies
Ltd. In this process a board with the substrate attached is placed on a conveyor belt,
which moves underneath a steel stencil of the 2D design. The design in the stencil can
be of varying size, pattern or shape. For microneedles there is a pattern of small holes
that have been cut into the steel. A UV curable viscous polymer is pushed through
the stencil using squeegees onto the PETG polymer substrate below. The substrate
then passes through to a ultraviolet (UV) lamp to cure the polymer. The polymer
used in microneedle fabrication was Dymax 1180-M gel. An LED lamp (Dymax ECE
5000 flood lamp and LED curing system) seen in Figure 2.5, and a flood lamp (Lumen
Dynamics Omnicure AC 8225) were used for polymer curing during this work. The
board thickness including substrate, print gap, front and back squeegee pressure and

separation speed can be set to adjust the shape and height of the layer printed. This
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process is then repeated adjusting the parameters as required until the desired height

is reached as illustrated below in Figure 2.1.

Figure 2.1: Microlithographic 3D Printing process illustration

During the set up of the DEK machine, there are alignment checks between the stencil
placed in the rail as seen in Figure 2.4b and the small board carrying the substrate seen
in Figure 2.3. The check is done using an onboard camera that matches the fiducials
between the stencil and the small board as seen in Figure 2.4a. This alignment is to
ensure a successful build. The MNs are produced in arrays of 2 x 2 cm and a total of 25
arrays in the centre of one stencil (Figure 2.4b) this matches the area of the small board
(Figure 2.3) where the substrate is secured. The printing is in layers that are controlled
by the print gap (the distance between the stencil and the small board/substrate).
With so many MN arrays on one stencil and protocols consisting of as little as 7-9
passes, around 3 sheets of MN arrays can be fabricated in an hour. This is with manual
movement of the boards between after curing with UV (Figure 2.5) and the start of the

next pass. Full automisation and a conveyor system would speed up this considerably.
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Figure 2.2: DEK machine system set up and power controls

Figure 2.3: Small board with fiducials for alignment

34



(a) Initial parameter set up and fiducial check  (b) DEK stencil placement and alignment control

Figure 2.4: Fiducial alignment of the stencil and board within the DEK system
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Figure 2.5: DEK LED UV lamp conveyor belt section

2.2 MN based Device Fabrication

2.2.1 Physical Vapour Deposition

In order for polymer MNs to be suitable for use in biosensing they need to be conduct-
ive. Coating the polymer MNs in metal achieves appropriate conductivity. A Kurt J.
Lesker Company® PRO Line physical vapour deposition (PVD) 75 Thin Film Depos-
ition System Platform within a cleanroom was used to coat devices with the required
metals. The process works by vapourising a solid material target in a vacuum, which
is then deposited on the part or substrate. The process includes 4 steps, evaporation,
transportation, reaction and deposition. The evaporation occurs as the result of the
material being bombarded by a high energy source to knock the atoms from the target
surface. The atoms transport from the target to the substrate, and may react with the
gas inside the chamber, often oxygen, or nitrogen. Diagram seen below. Figure 2.6
A DC source was used to deposit Titanium as a seed layer on the polymer substrate
and the precious and functional metals, silver and platinum were then deposited on top

of this layer. Argon was used as the gas to avoid a reaction of the target during the
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transport phase. The power and argon gas was altered to give a fast enough deposition
rate as shown in Table 2.1. The set up of the PVD machine can be seen in fig 2.6 [171]

Table 2.1: Physical Vapour Deposition settings for deposition of titanium, silver and
platinum

ateria ayer rgon ower eposition Rate ickness
M 1| L | A (SCCM) | Power(W) | D R Thickness (kA) |

Ti Seed 60 100 1 20
Pt Functional 30 10 1.2 250
Ti Seed 60 100 1 20
Ag Functional 30 30 1.6 250

EEE
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Figure 2.6: Diagram of the process of Physical Vapour Deposition

2.2.2 Wire Bonding of Microneedle Devices

To fabricate the biosensing devices a connection to the MN electrodes was required,
this was achieved through wire bonding. First two holes were drilled on the side of
each electrode using a Dremel with a 1mm drill bit attached. Silver paint was placed
between the holes on the front and back of the electrodes and inside the holes. This is
left to dry. 30 gauge wrapping wire was cut into 10cm lengths, stripped at either end
and wrapped through the holes on each electrode. This was then sealed and covered

with Bondic, a UV curable polymer to insulate the connection. A picture of a wire
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bonded electrode can be seen in Figure 2.7 and a schematic seen in Figure below. This

process could in future be automated.

Figure 2.7: Wire bonded PVD coated platinum MN electrode pair

Figure 2.8: Schematic of wire bonded metallised microneedles

2.2.3 Silver Plating of Microneedle Devices

Although PVD could successfully apply a thin layer of metal to the MNs, an electroplat-
ing step was also evaluated to produce thicker metallic layers of silver with enhanced

conductivity. The wire bonded and metallised MNs were connected to the negative
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terminal of a Keithley power supply, a solid silver wire anode of 0.8mm diameter was
connected to the positive terminal and submerged in silver plating solution purchased
from Thermo fisher scientific including 6% potassium cyanide (CAS 151-50-8), 4% silver
cyanide (CAS 506-64-9) and 3% potassium carbonate (CAS 584-08-7). The solution was
a cyanide based solution and therefore the process was conducted in a fume cupboard.
The set up was on a magnetic stirring platform with a magnetic stirrer in the solution.
Set up seen in Figure 2.9. The Keithley power supply was initially set at 0V and then
switched to apply 1V, it was was applied for 15, 30 and 45 s to produce devices with
different thicknesses of silver plating. The electrodes were rinsed with deionised (DI)

water after coating and left to dry.

Figure 2.9: Systematic diagram of silver electroplating set up for MN electrodes.

2.2.4 Imaging of Microneedles
2.2.4.1 Scanning electro microscopy

Imaging the microneedles is an important step to characterise the size and shape and
confirm that the fabrication method is producing MNs to specification. Prior to ima-

ging, non-metalised samples were sputter coated with 15nm of Chromium in a Quorum
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Technologies Q150TE Coater to reduce the chance of a charging effect in the Scanning
Electron Microscope chamber (SEM). The MN imaging was taken using a Hitatchi S-
4800 ultra high resolution SEM. This machine can magnify the image of a sample up to
1000x its actual size with a high resolution of 1nm. This system forms a beam of high
energy electrons using a cold emission electron source which is directed at the surface
of the sample. The detection of the back scatter is what then forms the image of the

sample surface. The system can be seen in Figure 2.10 [172] below.

Scanning Electron Microscope

Electron source

Anode

| | [ |
<---._.--> Condenser lense
|:| D Scan coils

Secondary < > o e e
electron detector ~ jective lens

[ | Sample

Figure 2.10: Schematic diagram of SEM imaging

2.2.4.2 Optical Microscopy

A Keyence VHX-950F series optical microscope was used to optically analyse non-
metalised samples and histological slides of stained porcine skin samples. The Keyence
microscope has more features than a standard optical microscope such as the function
to take angled images up to 90 degrees and 5000x magnification. The user is also able
to analyse the image data with the corresponding computer application to use functions

for editing, annotation, 3D imaging and image colourisation.
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2.2.5 Skin preparation

Porcine skin was used for drug delivery and force testing experiments. The skin was
non scolded piglet skin sourced from Wetlabs Ltd where the pig was prepared and
shipped the morning of delivery on ice. After delivery and defrosting, the preparation
was completed using a standard scalpel blade to trim off any excess muscle or fat from
the underside of the skin. The skin was then shaved using a pet shaver on its closest
setting to provide better access for the MNs. The full thickness skin was cut into smaller
pieces and some were stored wrapped in foil at -20°C for later use in histological and
penetration analysis. Experiments requiring the use of Franz Cells warranted a thickness
of skin 100-1000pm. To achieve this skin thickness an electric Pagett® dermatome was
used due to its ability to adjust the thickness of skin shaved. After being cut these
pieces were also wrapped in foil and stored at 20°C. Even skin stored wrapped in foil
at -20°C if kept too long would dry out and become unusable for experiments. Before
use skin was inspected as the damage can be seen visually by a skin colour and texture

change.

2.2.6 Mechanical testing of microneedle arrays

Axial compression testing was completed using a Tinus Olsen force testing machine
using a 1kN load cell Figure 2.11. The MNs were placed on the base plate under
the load cell. The speed of the test was set to Imm per minute programmed with
different forces. The force started at ON before contact with the tip of the MN and was
increased as the displacement increased. If breakage occurs then this will be evident as
a decreasing change in force on the force displacement graph. SEM images were taken

to observe any displacement, bend or fracture.
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Figure 2.11: Tinus Olsen force testing machine set up for mechanical testing of mi-
croneedles

Insertion force tests were also carried out where the MNs were attached to the top
plate of the force testing machine and porcine skin pinned to the base plate. The MNs
were then lowered at a rate of lmm/min and the corresponding force displacement

recorded.

2.2.7 Histological and penetration analysis

Analysis of MN penetration was completed using both methylene blue staining and
cross sectional histological analysis.

Methylene blue was dropped onto the area of the porcine skin where the MNs have
been removed after application. It is left there for 5 minutes before removing the excess
by wiping it off the top of the skin with a wipe sprayed with isopropyl alcohol. Any
blue staining in the holes indicates penetration of the stratum corneum of the skin.

Histological analysis was conducted using a cryostat to section porcine skin in order
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to view the cross section showing microchannels made by the MNs. After applying MNs
to the porcine skin sections they were placed in a -20°C freezer to freeze for 24hrs. To
section the skin sample, it was placed perpendicular to the mounting piece and secured
using Bright Instruments Cryo-m-bed embedding medium. This was placed back in
the freezing section of the cryostat to keep the skin section in place. The cryostat was
maintained at -30°C . After the stage mount was inserted into the cryostat the stage
was moved close enough to the skin sample to begin sectioning. By rotating the handle
the cryostat blade sliced off 30um sections of the skin sample which were then mounted
onto glass slides.

Haematoxylin and Eosin staining was used on the skin cross sections to highlight
the channels made by the MNs in the skin. The samples were washed to remove OCT
medium, then stained in haematoxylin, washed, dipped in acid alcohol 1%, then washed,
counter stained in Eosin and then washed again.

The process was as follows in Table 2.2.

Table 2.2: Haematoxylin and Eosin staining procedure

Task ‘ Time ‘
Remove embedding medium by washing in DI water | 2 min
Stain the samples in Haematoxylin 1 min
Wash samples in DI water 5s
Wash in 1% acid alcohol 1s
Wash samples in DI water 58
For bluing wash in Scott’s tap water 1 min
Counter stain samples in 0.5% Eosin Y 1s
Wash samples in DI water 58

They were then left to dry before imaging using an optical microscope.

2.2.8 Preparation of silver chloride electrodes for detection of chloride

An Autolab running Nova 2.1.4 software was used to carry out all electrochemical
measurements. The Nova software was used to run and interpret the readings. To test
the method before using MNs for the electrodes, two silver bar electrodes were used.
These had a diameter of 6mm giving a surface area of 28.274mm?. They were coated
with AgCl by applying 0.5mA to a two electrode system as set out in Figure 2.12a for 90
seconds. A solution of 100mM KCl made using potassium chloride (Sigma Aldrich CAS
7447-40-7) was used as the coating solution. During electrochemical measurement, the

solution was not stirred. This application of current resulted in a layer of AgCl on the
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surface that appears as a dulled silver. The same method is applied for converting the
surface of the MN electrodes however an applied current of 0.5mA is used for MNs with
a surface area of around 54mm? and the time shortened to 45 seconds to account for
the thinner layer of silver in comparison to the abundance of silver in the bar electrodes.

The following Autolab conditions in Table 2.3 were used.

Table 2.3: Autolab conditions for coating silver electrodes in AgCl

] Autolab conditions ‘

Mode Galvanostatic
Current range 10mA
Applied Current 0.5mA
Interval time 1s
Duration for bar electrodes 90 s
Duration for MN electrodes 45 s
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(a) Systematic diagram of Ag electrode conversion to Ag/AgCl on bar electrode

(b) Systematic diagram of Ag electrode conversion to Ag/AgCl on MN electrodes

Figure 2.12: Systematic diagram of preparation of silver electrodes, coating in AgCl in
a two electrode system
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2.2.9 Determination of chloride chronopotentiometry with two silver
electrodes

The converted electrodes where then set up for chloride sensing as seen in Figure 2.13. A
solution of 100mM KCI (potassium chloride) (Sigma Aldrich CAS 7447-40-7), phosphate
buffer of pH 7.4 (potassium phosphate dibasic, CAS 7758-11-4 and potassium phosphate
monobasic, CAS 7778-77-0) was used as a stock solution which was then diluted further
with phosphate buffer to give the required concentration range. The Ag/AgCl converted
silver bar electrodes were used as the working and reference electrodes along side a
platinum wire electrode as a counter electrode, see Figure 2.13a. A current of ImA
was applied for a pulse of 5 seconds and the resulting voltage was recorded. This
was repeated by rinsing the electrodes and then replacing the chloride solutions with a
different concentration. In the case of the MN chloride sensing setup as seen in Figure
2.13b, an array of MNs with two converted electrodes is connected as the working and
reference electrodes with a platinum wire counter electrode. The chloride solutions were
drop cast onto the MNs and left for 5 minutes to reach an equilibrium. The set up was
run on an open circuit potential (OCP) to stabilise before applying the 1mA current
pulse for 5 seconds and recording the corresponding potential values, then the electrode
was left on open circuit potential to return to its previous baseline. These results were
repeated in triplicate for each concentration before changing to a higher concentration
of chloride. In between each measurement the electrodes were rinsed with deionised

water. The following Autolab conditions in Table 2.4 were used.

Table 2.4: Autolab conditions for coating silver electrodes in AgCl

] Autolab conditions ‘

Mode Galvanostatic
Current range 10mA
OCP time 60s or when dE/dt < 1E-06
Applied Current 1mA
Interval time 0.01s
Duration of pulse 5s
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(a) Systematic diagram of Chloride sensing set up with silver bar electrodes as working and reference
electrodes and a Pt counter electrode

(b) Systematic diagram of Chloride sensing set up with MN array of two electrodes one each as
working and reference electrodes and a Pt counter electrode

Figure 2.13: Systematic diagram of Chloride sensing set up three electrode system
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2.2.10 Chemical functionalisation of platinum MN electrodes

Electro polymerisation of monomers such as phenol can be used to form films and when
incorporated with an enzyme can offer one step immobilisation of the enzyme on the
electrode surface. Generally, the process uses a standard 3 electrode set up to oxidise
the monomer leaving radical cations that go on to polymerise and form the new polymer
layer. In order to detect cholesterol the enzyme cholesterol oxidase (ChOx) was used
due to its binding specificity to the cholesterol. The ChOx used was sourced from
streptomyces sp and came as a lyophilized powder with >20 units/mg protein and was
purchased from Sigma Aldrich (CAS 9028-76-6). The ChOx was immobilised on the
platinum MN surface by electro polymerisation of phenol (Sigma Aldrich CAS 203-632-
7). 3mg of the Cholesterol oxidase and 1.5mg of phenol were mixed at a ratio of 2:1
in 300ul of 100mM PBS solution (Sigma Aldrich CAS 7647-14-5, 7447-40-7). The set
up for electro polymerisation uses a 3 electrode system and includes the Pt MNs as the
working electrode, a platinum wire electrode (CH instruments) as the counter and an
Ag/AgCl reference electrode (CH instruments). A potential of 0.9V was applied for
6 cycles to electro polymerise the phenols immobilising the ChOx. Glucose Oxidase
(GOx) (Sekisui CAS 9001-37-0) was also immobilised in the same way as ChOx. 40mg
of GOx and 20mg phenol were mixed in 4ml of 100mM PBS. A schematic of the electro
polymerisation is shown below in Figure 2.14. The following Autolab conditions in
Table 2.5 were used.

Table 2.5: Autolab conditions for coating silver electrodes in AgCl

’ Autolab conditions

Mode Potentiostatic
Current range 1mA
Bandwidth High-speed
Applied Potential 0.9V
Interval time 1s
Duration 900 s
Cycles 6
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Figure 2.14: Schematic of the set up for electro polymerisation of phenols to immobilise
ChOx on the MN surface

2.2.11 Determination of cholesterol using 3 electrode
chronoamperometry

An Autolab running Nova 2.1.4 was used to carry out all electrochemical measurements.
The Nova software was used to run and interpret the readings. This method had
previously been used on MNs for a different analyte therefore no other test platform
was used prior to MNs. The microneedle platforms used had been coated in the PVD
with platinum, wire bonded and functionalised as described in 2.2.1, 2.2.2 and 2.2.9.
As cholesterol is practically insoluble in water and PBS, another solvent and a sur-
factant were used to dissolve the cholesterol in solution with PBS. Adapted from work
by Yild et al and Tan et al [118, 129] a ratio of buffer:alcohol:surfactant was used. PBS
as the buffer, ethanol as the alcohol and Triton X as the surfactant. This solution
needed to be heated to 60°C to dissolve the cholesterol. When the solutions turn clear,

have cooled and the bubbles have reduced they can be used.
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Figure 2.15: Cholesterol solution showing bubbling of the surfactant and a clear solution

The choronoamperometry set up for determination of cholesterol consists of 3 elec-
trodes. The functionalised MN array is the working electrode, the platinum wire elec-
trode as the counter electrode and the Ag/AgCl reference electrode as the reference
electrode. This set up is shown in Figure 2.16. A baseline reading of a 0OmM cholesterol
solution was conducted first using the PBS/Ethanol/Triton X solution. Starting with
the lowest concentration, the cholesterol solution was drop cast onto the MN array and
left for 10 minutes to get to an equilibrium. A potential of 0.7V was applied to the
system for 150s and the resulting final current was recorded. This was repeated by
rinsing the electrodes with deionised water and then replacing with cholesterol solu-
tions of increasing concentrations. These results were repeated in triplicate for each
concentration before changing to a higher concentration of cholesterol. The following

Autolab conditions in Table 2.6 were used.
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Table 2.6: Autolab conditions for coating silver electrodes in AgCl

’ Autolab conditions

Mode Potentiostatic
Current range 1mA
Bandwidth Highspeed
Applied Potential 0.7V
Interval time 1s
Duration 60 s

Figure 2.16: Schematic of the set up for cholesterol determination by choronoampero-
metry

2.2.12 Drug delivery using microneedles
2.2.12.1 Franz cell in vitro assay

Franz cells were used for drug delivery tests with MNs. A Franz cell is a two chamber
glass diffusion cell where the glass chambers are separated by a membrane through
which diffusion is being monitored. The membrane in this case is the porcine skin as
discussed earlier. The apparatus can be seen below in Figure 2.17a. The chamber at the
top is the dosing orifice and this is where the drug is administered. The lower chamber
is called the receiving chamber due to this being the area that drug collects after it has
diffused across the membrane. To mimic the real life application of poke and patch MN

drug delivery, the dosing orifice covered in the porcine skin is left open to air.
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(a) Single piece of Franz cell apparatus (b) Franz cell set on magnetic
stirrer

Figure 2.17: Franz Cell Experimental set up for drug delivery experiments

When in use the receiving chamber was filled with 4ml of 0.1M PBS and placed on
a magnetic stirrer. The magnetic stirrer was placed in the chamber to homogenise the
solution as drug diffused through to model the diffusion of drugs through the skin. The
method used to apply the MNs and drug was the poke and patch method, meaning the
MNs were applied and then the drug placed on top of the pores. MNs are applied using
a PDMS platform 1.5cm thick and a 0.75c¢cm clamp was used to hold the MNs in the
skin for 1 minute. These pieces of porcine skin were then stretched over and clamped
on top of the Franz cell skin mounting platform and the drug applied to the open circle.
50ul of the drugs was pipetted onto the open circle in contact with the skin surface
and any pores made via MN or hypodermic penetration. Calcein (Sigma Aldrich CAS
154071-48-4) and Pravastatin sodium salt hydrate (Sigma Aldrich CAS 81131-70-6) are
the drugs being investigated and these were made up into solutions. Calcein was made
up into a concentration of 2.5ug/ml in 0.1M PBS and the pravastatin was made up to
1lmg/ml and 10mg/mg concentrations in 0.1M PBS.

For sample collection 400ul of 0.1M PBS was injected into the bottom spout called
the inlet which displaced the liquid in the receiving chamber that is collected from the
top outlet spout. Both of these spouts have bubble traps to ensure no loss of sample.
During these experiments readings were taken at 9 time points: 5, 15, 30 minutes, 1,
2,4, 6, 8 hours and then a 24 hour reading. The PBS reading was subtracted from the
calibration values to remove any background.

A calibration curve of known drug concentrations was created using a serial dilution.
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The maximum concentration was diluted 10 times and every sample was taken in trip-
licate to evaluate validity of results. This calibration curve was then cross referenced to
calculate the concentration of the drug at each time point.

As each time point had 400yl injected into the receiving chamber, the drug was diluted
each time a reading was taken a dilution factor was required to account for this dilution
of the drug using the volume of the Franz cell 4000ul. Seen below in Table 2.7 are the

calculations for the dilution factor at each time point.

Table 2.7: Franz Cell Consecutive Dilution Factors

| Time (hr) | Dilution calculation | Factor

0.083 0,/4000 0
0.25 400,/4000 0.1
0.5 (400%2) /4000 0.2
1 (400%3) /4000 0.3
2 (400%4) /4000 0.4
4 (400%5) /4000 05
6 (400%6) /4000 0.6
8 (400%7) /4000 0.7
24 (400%8) /4000 0.8

The concentration of each sample was determined using the calibration curve equation
y = mx + ¢ and rearranging to find x. Then to account for the dilutions each sample
was multiplied by the dilution factor corresponding to the time the sample was taken.
The final concentrations were plotted into a graph depicting concentration over time.
This was then converted to graph of cumulative concentration over time .

To analyse the rate of the flow of drug into the chamber of the Franz cells the flux
was calculated. The flux (J) was the mass (m) divided by the area of the dosing orifice
(A) and the time point (t) using the equation 2.1. The dosing orifice had a radius of

0.45cm and therefore an area of 0.6362 cm?.

J = (2.1)

m
At
2.2.12.2 Fluorescent spectrometry for drug detection

Drug detection methods depended on the type of drug tested. Fluorescent spectro-
metry was used to measure fluorescent or fluorescent tagged drugs. This method is
the measurement of the fluorescence emitted by the substance during its exposure to

electromagnetic radiation at a certain wavelength. The samples were measured in a
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FLUOstar® Omega spectrophotometer as it had a multi mode microplate reader with
various fluorescent and UV /vis filters. The calcein used was florescent tagged therefore
the florescence measured is proportional to the drug. The samples were analysed in a 96
well plate where 3 wells were each filled with 100yl so the reading were triplicate. The
wavelength programmed into the plate reader was specific to the drug. This wavelength
was shone at the samples and the detector within converted the corresponding light
emitted into a measurement. These readings were compared to the calibration curve

with the known concentrations.

2.2.12.3 High performance liquid chromatography

Non fluorescent drugs required another method such as high performance liquid chroma-
tography (HPLC). HPLC is a technique used to separate and quantify the components
of liquid samples. The samples are mixed with the liquid mobile phase and passed
through a column consisting of packed porous particles (stationary phase). The differ-
ences in solubilities, nature of the column and how the drug reacts to the stationary and
mobile phase changes the velocity in which it moves through the column and impacts
the retention time. A Perkin Elmer Altus A-10 HPLC instrument with a PDA detector
The readings are generated using UV- vis detection to determine drug concentration.
The area under the peak corresponding to the drug is used as the reading. A calibration
curve is created using known concentrations of the drug and their corresponding UV
area readings. These calibration curves were cross referenced to find the corresponding
concentrations for for the UV area values in the testing samples. For pravastatin the
HPLC was used with a Phenomenex® Kinetex 5um F5 100 A, LC 50x4.6 mm column
and a mobile phase consisting of 0.1% Trifluoroacetic acid (TFA) (Sigma Aldrich CAS
76-05-1) made up with HPLC grade water (Sigma Aldrich CAS 7732-18-5) and Acetoni-
trile (Sigma Aldrich CAS 75-05-8). The ratio used was 65% TFA and 35% Acetonitrile,
a flow rate of 0.5ml/min and a UV-vis detection wavelength of 248 nm. Using this ratio

and flow rate the retention time for the pravastatin is around 2 minutes.

2.2.12.4 Assessment of drug retention on the skin surface

To calculate drug remaining on the surface of the skin or just within the stratum corneum
a tape stripping method was applied. Adhesive tape was cut into small strips and
applied to the stratum corneum side of the porcine skin after the Franz cell analysis
had been completed. After pressing to ensure good contact, the tape was removed

and placed in 4ml of PBS. 10 more strips were applied and removed and put together
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in another 4ml PBS. The first singular strip was to determine the amount of drug
on the surface and the following 10 were to determine the amount remaining in the
stratum corneum. These tape strips were covered in foil to block out any light if using
a fluorescent drug and placed on a roller mixer overnight. The next day the solutions

were then read using the detection method previously used for that drug.

2.2.12.5 Skin homogenisation

After the tape stripping the skin samples were homogenised in order to determine the
presence of any drug remaining in the epidermis portion of the skin samples. They
were homogenised using an enzyme to break down the skin and free the drug which
has accumulated in the epidermis. Papain was the enzyme used and works by breaking
peptide bonds that involve basic amino acids [173]. Papain was diluted to 2mg/ml in
activation buffer containing, 20mM Sodium Acetate, ImM Ethylenediaminetetraacetic
acid (EDTA) and 2mM Dithiothreitol (DTT) at a pH of 6.8. The centrifuge was used
to separate the dissolved skin and drug in the remaining supernatant liquid which was

then tested using fluorescence spectroscopy.
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3 Printed Polymer Microneedle

Fabrication

The devices manufactured were based on MN patches. These needed to be fit for pur-
pose and designed with the application of the MNs in mind. Penetration depth is an
important factor in the usability of a microneedle patch for both biosensing and drug
delivery applications. The MN parameters required for the MN patches to have optim-
ised penetration and therefore surface area of MN in the skin, need to be investigated.
This is especially important for microneedle biosensing as increased surface area with
the ISF in the skin can improve detection and signal strength. The length of the MN
needs to penetrate deep enough to contact with the ISF while the width needs to be
large enough to keep the structural integrity of the MN intact. The pitch distance needs
to be large enough to avoid the bed of nails effect which limits penetration of the MNs.
The penetration of about 300pm into the skin would provide adequate contact to ISF
in the skin.

The ML3DP process being used for these experiments is much more conducive to full
size manufacture upscaling than other MN fabrication methods. The process can be
semi automated and used conveyor technology to move from the screen print portion
to the curing part of the process. It is also highly cost effective because as many as
20 arrays can be made at once in a machine using one stencil. To start the process of
making appropriate MNs, a substrate was chosen. A polymer substrate was chosen to
allow good adhesion with the MN polymer material. Polyethylene terephthalate glycol
(PETG) was the polymer used as it has good flexibility and strength. 500um thick
sheets were used as this thickness combined enough flexibility with the strength to give
a sturdy base that would transfer the insertion force placed on it to the MN insertion.
The board thickness parameters on the DEK machine were adjusted to accommodate
the addition of the substrate material on top of the board. The polymer was placed on
the stencil in the squeegee zone in excess to ensure a sufficient amount was available
for the process. Any leftover polymer is collected after fabrication to be used again.

The squeegees used had guards on the side to minimise polymer loss. Initially the MNs
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were cured using a static UV lamp, this was later switched to an LED conveyor belt
lamp to more evenly distribute the UV and to lower the risk of warping due to the heat
emitting from the UV lamp. The arrays were passed through the LED UV conveyor belt
twice after the fabrication of each layer to ensure the layer had fully cured limiting any
deformation of MNs. To be used as minimally invasive devices the MN arrays need to be
sterile. This fabrication process produces sterile patches due to the UV exposure during
the curing process, sterile packaging could be used to move them between machines and

equipment for functionalisation purposes to keep the MNs sterile after fabrication.

3.1 Base building and basic shape

The design of the MN patches was controlled by the stencil design, including size of the
holes, shape, pitch and arrangement. Pitch is the distance between the centre of each
MN. To narrow down the options of the MN design, a 200um thick stencil consisting
of 2cm by 2cm patches of varying pitch and aperture diameter of circular holes was
designed and ordered from MacDermid Alpha. For the base stencil the diameter of
the apertures varied from 200-600uym in 100um intervals. The minimum pitch for the
smaller apertures was 700um from the centre of one aperture to the next. The minimum
pitch was increased to 800 and 900um for the largest aperture sizes. Seen in Figure
3.1 Another stencil was also designed and created for the tipping portion of the MN
fabrication process for these MNs of varying pitch and diameters. Also seen in Figure
3.1. This stencil had an aperture size 150um due to this being the smallest possible
aperture for use with the polymer used for Innoture’s MN printing process using the
DEK machine. The pitches of the tipping stencil matched the base stencil so the
two stencils were compatible. Below are Tables 3.2 and 3.1 denoting the varying pitch
diameters and apertures diameters in both stencils. The intended strategy is to build up
MN arrays by first building a sturdy base shape and then testing these for penetration
and improving on each iteration. Then depending on the performance of the basic shape
optimise the tip portion using an iterative process and testing penetration to get the

most optimal MN array for penetration using this fabrication method.
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(a) Base stencil schematic of varying
aperture size and pitch

(b) Tipping stencil schematic of dia-
meter 150um with varying pitches
matching the base stencil

Figure 3.1: Gerber file depiction of Base and tipping stencils

3.1.1 Aperture selection

Table 3.1: Grid depicting the MN arrays on the Base Stencil for MN fabrication with
pitch variation (P-Pitch ym)

Aperture (um)
200 1300 400 [ 500 | 600
P—700 [P=700 | P=700 | P-800 [ P-900
P—800 | P—800 | P=800 | P-900 [ P-1000
P—900 | P=900 | P=900 | P=1000 | P=1100
P—1000 | P=1000 | P=1000 | P=1100 | P=1200
P=1100 | P=1100 | P=1100 | P=1200 | P=1300
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Table 3.2: Corresponding grid depicting the MN arrays on the Tipping Stencil for MN
fabrication with pitch variation (P-Pitch ym)

Aperture (um)
150 150  [150  [150 [ 150
P=700 [ P=700 | P=700 [P=800 [ P=900
P—800 | P=800 | P=800 [P=900 | P=1000
P=900 | P=900 | P=900 | P=1000 | P=1100
P=1000 | P=1000 | P=1000 | P=1100 | P=1200
P=1100 | P=1100 | P=1100 | P=1200 | P=1300

The stencils with 400um and 500um apertures produced a MN with a sturdy base and
had enough surface area without the width being so large that the pitches are impacted.
The microneedles were made using the polymer Dymax 1180 as this was the previously
optimised polymer used by Innoture Ltd for this fabrication process.

As the process involves gradually building up height, the focus was to fabricate MNs
between 700 and 800um in height by building up small even layers of polymer. Initially
the difference between print gaps was kept equal with 2 passes being deposited at each
200um interval starting at 100um up to 500um. Then single passes at 100um intervals
up to 1300um as shown in Table 3.3 below. The print gaps show a taller MN as during
the process the polymer gets compressed thinner than the gap. This resulted in the MNs
depicted in Figure 3.2. The pressure pressure value used at the start of optimisation
matched previous Innoture protocols used for similar sized arrays and aperture holes.
Initially a 2kg pressure was used for the base layers but it was determined that 1 kg was
sufficient through iterations. It was also adjusted to a higher pressure for the stencil
with the smaller 150um apertures to allow for adequate amount of polymer to pass
through the apertures. An iterative process was used and the pressure was increased up
to 2kg. This provided tips that adhered to the base shapes of the MNs and resembled

sharp points.
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Table 3.3: Initial fabrication procedure of the polymer ML3DP microneedles

Pass No. | Print Gap (um) | Pressure (kg) |

1 0 2
2 100 1
3 100 1
4 300 1
5 300 1
6 500 1
7 600 1
8 700 1
9 800 1
10 900 1
11 1000 1
12 1100 1
13 1200 1
14 1200 1
15 1300 1

811um

S4800 5.0kV 9.8mm x90 SE(M) " 500um

Figure 3.2: SEM image of the initial fabrication of microneedles using 400um aperture
stencil showing MNs measuring 774um and 811um in height

Long and thin MNs such as the ones depicted above would bend if handled due to
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the strength of the polymer in this shape not being sufficient. The height to base width
ratio is also another factor to consider. To create good base contact with the substrate
several passes at print gap zero are required. For the MN bases below in Figure 3.3 this
was achieved through 4 passes at a print gap of 0 allowing the aperture to fill and the
base layers to be evenly deposited. For these initial 4 passes the parameters were: board
thickness 2.4mm, Pressure 2kg and Oum print gap. Then the print gap was increased to
200pm for 2 passes After it was then increased in intervals of 100pm with 2 more passes
on each interval up to 600um. This completed the base as seen in Figure 3.3. The thin
layers give a cut off top to the MN base, this is not ideal as for optimal MN penetration

a more tapered shaped with a sharp tip is required.

S4800 10.0kV 10.1mm x100 SE(M)

Dk mm =(M)
(a) SEM image of MN base using 400pum sten-(b) SEM image of MN base using 500um
cil aperture stencil

Figure 3.3: SEM image of MN Base portion of fabrication using base stencil

To obtain a more tapered shape to the MN base the print gap should be increased
and number of passes reduced to make use of the necking that happens after the stencil
is separated from the substrate and MNs. The separation speed is kept the same to
minimise curling or bending of the tip and to keep the patches as uniform as possible.
Further bases with the 400um aperture stencil were fabricated using the procedure below

in Table 3.4 and the resulting MNs are shown in Figure 3.4 :
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Table 3.4: Procedure for tapered MN base using a 400um aperture stencil

| Pass No. | Print Gap (um) | Pressure (kg) |
1 0 1

O[O0 || O =] W D
| =
oD
[ev) Nan)

e e I I I

o2 2 Lo

504um 512um

S4800 10.0kV 10.5mm x50 SE(M)
Figure 3.4: MN 400um tapered
The 500um aperture stencil was also used to make tapered MNs as seen below in

Figure 3.5 using the settings in Table 3.5. Each time a patch was made there was a

build check performed using a USB microscope.
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Table 3.5: Tapered MN 500um base

| Pass No. | Print Gap (um) | Pressure (kg) |
1 0 1

| | T | W| DN
ot
(@)
o

[y (S Sy iy S -

These MNs yielded similar looking results with larger dimensions as can be seen in

Figure 3.5 below.

OO L B

54800 10.0kV 10.5mm x60 SE(M) 500um

Figure 3.5: Tapered MN using a 500ym aperture stencil

The ratio of the MN base to tip was considered and this was mainly addressed by
tapering the MN build so that there is a very sharp tip with a solid base. This base
however should not be so wide that it reduces the distance between MNs significantly

enough so that a 'bed of nails’ effect occurs.

3.2 MN tip optimisation

To add the tips to the MNs a separate tipping stencil with 150um apertures and match-

ing pitch diameters to the base stencil was used. It was assumed that the print gap
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needed for a tip on a MN needed to be the same as the last print gap used for the base in
order to get sufficient contact with the MN base. To accommodate the smaller aperture
size the pressure used with the tipping stencil was doubled to 2 kg. Both the 400um
and 500um aperture MN bases were tipped with 2 passes at a print gap of 1000um.
Figure 3.6 shows that there is a large difference between the MN bases and the size of
the tips and that the 500um MNs have a much more pronounced bulge in their shape
which would not be conducive to optimal penetration of the MN array. It was therefore
decided that the 400um aperture MNs had more potential for the shape to be optimised
fully by varying the MN fabrication protocols than the 500um aperture MNs following

these results. The following MN fabrication protocols use the 400um aperture stencil.
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S4800 10.0kV 9.2mm x90 SE(M)
(b) 500um base stencil tipped MNs

Figure 3.6: First protocol tipping MN using 400um and 500pm aperture base stencils
and 150um aperture tipping stencil

65



The following fabrication protocol tables all start with the same foundation layers
(passes 1-4) but have differing parameters for the base layers (passes 5-7) before the tip
layers (passes 8-9) in order to improve the transition and shape between base and tip
of the MNs. This is an iterative optimisation process to obtain optimal size and shape
of MNs

Protocol 1
Pass No. ‘ Print Gap (um) ‘ Pressure (kg)

1 0 1

2 0 1

3 0 1

Base 4 0 1
5 500 1

6 700 1

7 900 1

. 8 1000 2
Tip 9 1000 2

(a) protocol 1 MNs using 400um aperture base stencil and 150pm
aperture tipping stencil

Protocol 2
Pass No. ‘ Print Gap (um) \ Pressure (kg)

1 0 1

2 0 1

3 0 1

Base 4 0 1
9 600 1

6 600 1

7 900 1

. 8 1000 2
Tip 9 1000 2

(b) Protocol 2 MNs
Table 3.6: Protocol 1-3 full MNs base and tip combined
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Protocol 3
Pass No. | Print Gap (um) | Pressure (kg)

1 0 1

2 0 1

3 0 1

Base 1 0 I
5 500 1

6 900 1

. 7 1000 2
Tip 8 1000 2

(c¢) Protocol 3 MNs using 400um aperture base stencil and 150pm
aperture tipping stencil

As can be seen in Figure 3.7, of these protocols number 2 Table 3.7b produced the
best shaped MNs due to there being no bulging, having a tapered shape and less of a
‘shelf” appearance between the base portion of the MN and the tip. There was a bulging
in protocol 1 and a ’shelf’ appearance between the base and tip of protocol 3.

e

S4800 10.0kV 8.0mm x100 SE(M) 500um
(a) SEM Protocol 1 MNs using 400um aperture base stencil and 150um aperture tipping
stencil

Figure 3.7: SEM images of protocols 1-3 full MNs
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| ] 1
500um

(b) SEM of Protocol 2 MNs using 400pm aperture base stencil and 150um aperture
tipping stencil

S4800 10.0kV 8.0mm x100 SE(M) 500um

(c) SEM of Protocol 3 MNs using 400um aperture base stencil and 150um aperture
tipping stencil

Figure 3.7: SEM images of protocols 1-3 full MNs
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The following protocols in Table 3.6 were used to try to remove the ’shelf’ between

the tip layers and the base layers and create a more smooth transition.
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Protocol 4
Pass No. | Print Gap (um) ‘ Pressure (kg)

1 0 1

2 0 1

3 0 1

Base 4 0 1
5) 600 1

6 700 1

7 1000 1

. 8 1000 2
Tip 9 1000 2

(d) Protocol 4 MNs using 400um aperture base stencil and 150um
aperture tipping stencil

Protocol 5
Pass No. ‘ Print Gap (um) \ Pressure (kg)

1 0 1

2 0 1

3 0 1

Base 1 0 T
5 600 1

6 800 1

. 7 1000 2
Tip 8 1000 2

(e) Protocol 5 MNs using 400pm aperture base stencil and 150pm
aperture tipping stencil

Protocol 6
Pass No. ‘ Print Gap (um) ‘ Pressure (kg)

1 0 1

2 0 1

3 0 1

Base 1 0 T
5 600 1

6 900 1

) 7 1000 2
Tip 8 1000 2

(f) Protocol 6 MNs using 400pm aperture base stencil and 150pum
aperture tipping stencil

Table 3.6: Protocols 4-6 full MNs
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(a) SEM Protocol 4 MNs using 400um aperture base stencil and 150um
aperture tipping stencil

(b) SEM of Protocol 5 MNs using 400um aperture base stencil and 150um
aperture tipping stencil

Figure 3.8: SEM images of protocols 4-6 full MNs
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(c) SEM of Protocol 6 MNs using 400um aperture base stencil and
150um aperture tipping stencil

Figure 3.8: SEM images of protocols 4-6 full MNs

Protocol number 2 was repeated due to the shape being closest to ideal. These MN
arrays were fabricated several times to make sure the shape was consistent. The least
consistent part of the MNs is the tip so alterations of the print heights of the tips was

then investigated to obtain a nicely tapered and sharp tip.
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Figure 3.9: Protocol 2 repetitions using 400um aperture base stencil and 150um aperture
tipping stencil
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54800 1.0kV 11.2mm x60 SE(M)

Figure 3.9: Protocol 2 repetitions using 400um aperture base stencil and 150um aperture
tipping stencil
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Protocol 7

Pass No. | Print Gap (um) ‘ Pressure (kg)

1

1

Base

900

OO | O U = | W DN

Tip

1000

DO =] =] = = =] =

9

1100

(a) Protocol 7 MNs using 400um aperture base stencil and 150um

aperture tipping stencil

Protocol 8

Pass No. | Print Gap (um) | Pressure (kg)

1

1

Base

900

OO | O U x| W N

1000

N I e e N

Tip 9

1200

(b) Protocol 8 MNs using 400um aperture base stencil and 150um

Protocol 7 yielded similar results to previous protocols, however protocol 8 had a
huge improvement to the percentage penetration of MNs. It appears that 49/64 MNs
penetrated making the percentage 76.5%. Comparatively previous percentages were
between 4.6% and 18.75% Table 3.8. Some penetration data is presented here to explain

the choice of geometry, but main penetration results are presented in the following

chapter.

aperture tipping stencil

Table 3.7: Protocols 7 and 8 full MNs

Table 3.8: Table showing the number of N penetrations using protocols 1-8

Protocol 1 2 3 4 5 6 7 8
Penetrated MNs out of 64 | 11 12 10 11 10 3 10 49
Percentage % 17.2 | 1875 | 15.6 | 17.2 | 15.6 | 4.6 | 15.6 | 76.5
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S4800 10.0kV 8.0mm x60 SE(M)

(a) Protocol 7 MN using 400um aperture base(b) Protocol 8using 400um aperture base stencil and
stencil and 150um aperture tipping stencil ~ 150um aperture tipping stencil

Figure 3.10: SEM images of protocols 7 and 8 full MNs using 400um aperture base
stencil and 150ym aperture tipping stencil

For successful penetration the tip diameters need to be less than 40um. This was
not as easy to control as the MN heights and base width dimensions due to relying on
the necking of the polymer when the stencil is pulled away. However, the final protocol
reliably produced tips under 40um. Optimising this protocol gave an average tip of
around 20uym as seen in Figures 3.11a and 3.11b. After further optimisation the tip
diameter was reliably under 10um with the average diameter of 8um as seen in Figures
3.11c and 3.11d.
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'200um

S4800 10.0kV 8.0mm x200 SE(M)
(b) Tip diameter of pre optimised protocol MNs (14.9um)

Figure 3.11: MN tip diameters
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(c) Tip diameter of Final optimised MN protocol (8.24pym).

(d) Tip diameter of Final optimised MN protocol (8.21um)

Figure 3.11: MN tip diameters on pre optimised and optimised arrays
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Repetition of the penetration tests with the protocol 8 MNs showed a high percent-
age of MNs penetrated reliably when fabricated using this protocol (See Figure 3.12)
producing reliably shaped MNs which have sufficient penetration efficiency for use in
a device. MNs fabricated using this procedure and protocol were used in following

functionalisation, sensing and drug delivery experiments.

S4800 10.0kV 7.8mm x30 SE(M) 1.00mm

Figure 3.12: Repeat SEM of MNs using protocol 8 and using 400um aperture base stencil
and 150um aperture tipping stencil

In summary this chapter presents the design elements of MN fabrication and their
impact on penetration efficiency. The design parameters include, pitch, aperture, print
gap, pressure, board thickness, separation speed and number of layers. The board
thickness which corresponds to the starting layer height and separation speed which
is the speed the stencil is removed from the board, were kept constant. This is due
to needing a consistent starting height that ensured adhesion to the substrate (board
thickness) and a separation speed that ensured consistent necking of the polymer as the
stencil was removed (separation speed). Variation of pitch (distance between MNs) has
been shown to impact penetration of the MN array with much less penetration occurring
when the pitch is smaller due to the 'bed of nails’ effect. The optimal aperture was

400um, this yielded the most conical type shape which aided in penetration efficiency.
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Average dimensions of the optimised MNs are 750um height, 450um base diameter, and
8um tip diameter. The print gaps were varied multiple times but it was found that
several passes at the 0 print gap and then evenly spaced print gaps there after, were
the most efficient way to fabricate the MNs. The pressure was always higher on the
initial passes to ensure good adhesion with the substrate and then lowered so it didn’t
impact the following print gaps due to flexing of the steel stencil. The final protocol 8
reliably produced tapered bases and tips under 10um with the average diameter of 8um.
This extra tipping step ensured a sharp enough MN tip for penetration. This design
adequately penetrated the skin after being optimised with all these parameters.

Comparatively to MNs in literature the screen printed MNs made for these experi-
ments are much more conducive to full size manufacture upscaling. The process can be
semi automated and used conveyor technology to move from the screen print portion
to the curing part of the process. It is also highly cost effective because as many as 20
arrays can be made at once in a machine using one stencil. The process is also much
shorter and can take less than an hour to make many arrays. There are other types
of polymer MNs that have been fabricated using 3D printing or additive manufactur-
ing technology methods and these have been made with materials such as metals and
polymers. The earliest sort of 3D printing technology is stereolithography (SLA) which
uses photocurable resins with a UV light and a digital micromirror device. The process
consists of a liquid resin selectively cured layer by layer. This method has limitation
on the materials that can be used, it can be slow and expensive. Other methods like
fused deposition modelling (FDM) and 3D dispensing use thermoplastics, can lead to
structures with weak mechanical properties, a rough surface and high temperature dur-
ing the fabrication process. [174, 175]. The polymer MNs made here by ML3DP had
the advantage of a flexible process. They can be adapted to specifications for different
applications using stencils with different aperture sizes, aperture shapes, the number of
passes and the type of UV curable polymer. The process had the advantage over other
fabrication methods due to the ability to be made in a high mass produced environment.
This results in making these MNs a lower cost option when compared to MNs made by
etching or small scale printing.

Following on from this chapter and using MNs made with these geometries, the next
section explores the functionalisation using metallisation and chemical functionalisation

of these MNs for use as diagnostic devices.
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4 Microneedle Metallisation and

Functionalisation

4.1 Metallisation

4.1.1 Physical vapour deposition

Physical vapour deposition was used as the method for metallising the MN arrays. The
polymer material of the substrate and MNs are not conductive therefore in order for the
MN devices to work as electrochemical sensors, a layer of metal was required to make
the MNs electrically conductive. This method coated the surface in a thin conformal
layer of metal to create a smoother electrode surface. When utilising PVD as a means of
metallisation on polymer substrates, a seed layer of metal such as titanium is required
to improve adhesion and avoid metal cracking or defects which can impact the quality of
a sensor surface [176]. The PVD has different conditions that can affect the deposition
of metal. The most prominent of these are the amount of power used and the amount
of gas let into the chamber which is under vacuum. The gas used is usually a noble
gas such as argon unless metal oxides are desired and in that case oxygen is used. The
balance between power supplied and gas impact the speed of metal deposition. Thicker
layers of metal (e.g. few hundred nm) can take a long time to deposit if the deposition
rate is low, however the lower the deposition rate, the more uniform and smaller grain
the metal layer deposited is. For use as sensors the layers required are thick (>200nm)
to ensure good conductivity therefore a slightly higher deposition rate than typically
used is allowed while still limiting the power to keep within safe limits. To enable as
uniform a deposit as possible on a 3D surface such as MNs, the plate inside the chamber
is set to rotate. It rotates on one axis, though rotation on more than one axis would be
ideal to limit a shadowing effect that leaves portions of the surface uncoated. To avoid
this outcome, MN arrays with larger pitch (over 1mm) were used to reduce the shadow.
In Figure 4.1 below the MNs with a 600um pitch have shadowing of the metal deposit
between the MNs. This shadowing did not occur on the MNs with the larger pitch.
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2I0 Olu mI

Figure 4.1: The shadow effect on platinum PVD coated MNs, 600um pitch

The fabricated MNs needed to be functionalised to become sensor electrodes therefore
the metals used were chosen based on their electrical conductivity and the way that fur-
ther functionalisation could be achieved chemically using them. To detect analytes such
as glucose or cholesterol a less reactive metal which has a high electrical conductivity
is used to limit side reactions occurring during electrochemical readings.

Platinum was chosen as the metal layer on the MN sensor surface for the analyte
detection using enzyme functionalisation. Firstly, platinum is a strong, electrochemic-
ally inert, durable metal which would lend it’s strength to the structure of the polymer
MNs it is coated on. It is also highly conductive and has the ability to be used as
an electrochemical catalyst or as an electrode surface modifier to allow attachments of
enzymes. It has the potential to enhance the electron transfer of the electrode surface
which improves sensor sensitivity [177].

Silver was chosen as the electrode surface for the chloride sensors due to the specific
electrochemistry used for silver detection as seen in Chapter 2. A silver metal layer
can be converted into a silver/silver chloride electrode which through the application
of a current can detect the voltage changes of different chloride concentrations. As this

method was a direct method of detection for chloride, silver was used as a functional-
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isation layer on the electrode.

An SEM was used to visually characterise these MNs after metallising the surface.
The MNs to be used for sensing device development were metallised using PVD with
20nm of titanium and either 250 nm of platinum or silver depending on the desired
analyte. Figure 4.2 below shows platinum coated MNs. In Figure 4.2a the complete
MN array is shown and in Figure 4.2b a cross sectional diagram of the MN array. Figure
4.2c¢ is the image of the MNs under SEM with the coating shown in Figure 4.2d. The
average grain size of the silver deposition in 4.2d is 84nm which was calculated using

Image J software.

(a) Titanium and Platinum Metal coated and wire bonded MNs

(b) Cross sectional diagram of Metallised MNs for diagnostics

Figure 4.2: Titanium and Platinum or Silver Metallised Polymer MNs and PETG sub-
strate
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54800 10.0kV 10.5mm x80 SE(M)
(c) SEM image of Platinum coated MNs

S4800 10.0kV 12.6mm x100k SE(U) ' 500nm
(d) SEM image of silver metallised substrate at 100k x magnification

Figure 4.2: Titanium and Platinum or Silver Metallised polymer MNs and PETG sub-
strate
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4.1.2 Platinum MN electrochemical characterisation

To check and ensure good connection and no surface contamination, a CV scan was
conducted on each platinum MN array prior to chemical functionalisation and sensing
experiments. 12mg Ferrocenecarboxylic acid (FCA) (CAS 1271-42-7) purchased from
Sigma Aldrich was dissolved into 10ml of PBS and used as the redox mediator for the
CV measurements. The set up used a 3 electrode system with the MN array as the
working electrode, a platinum wire electrode as a counter electrode (CH Instruments)
and an Ag/AgCl reference electrode (CH Instruments) as the reference electrode. The
scan was set between -0.4V and 0.6V with a scan rate of 0.05 V/s. The expected peaks
for platinum in contact with FCA is at 0.2V for reduction and 0.3 V for oxidation in
the classic CV shape for a reversible redox reaction with platinum electrodes and shows
no other metals are present on the surface and all connections are good. An example is

shown in Figure 4.3.

Figure 4.3: Cyclic voltammetry scan of Pt MN electrodes in contact with ferrocene
carboxylic acid

4.1.3 Electro deposition

In order to improve the usability of the silver electrodes the silver layer was thickened
thus making more silver available for the chloride reactions. Electro deposition was used
to thicken the layer of silver on the electrodes as this is frequently used and adopted

by many different industries including the electronics industries. Electro deposition
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is used in industry, because this method can coat all available electrically conductive
parts of a connected item, most commonly in the jewellery industry. This extra layer
of silver is needed on the MNs so that there is a sufficient amount of silver on all parts
of the sensor surface. The layer needs to be thicker than it is with just the PVD silver
layer as the electrochemical process used in the chloride detection converts silver from
the electrode surface and this can completely deplete the metal layer if there is not
enough surface silver available. There are both cyanide and cyanide free methods of
silver electro deposition or silver plating and there are pros and cons to both methods.
The cyanide methods are generally more stable and reliable however cyanide is very
toxic and can be dangerous to use. The non cyanide methods are generally less toxic
however they can be less stable and sometimes more complicated [178]. Below in Figure
4.4 are the results of plating onto already PVD coated silver electrodes for 15, 30 and

45 second time intervals comparatively to a solely PVD coated electrode.
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(c) Silver plated MN electrodes 15s (d) Silver plated MN electrodes 15s x25k

Figure 4.4: Silver plated MN electrode arrays for 0, 15, 30 and 45s
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(g) Silver plated MN electrodes 45s x5k (h) Silver plated MN electrodes 45s x25k

Figure 4.4: Silver plated MN electrode arrays for 0, 15, 30 and 45s

Despite the texture of the MN surface, the layer covers all sides of the 3D structures
as seen in Figure 4.5. The layer on the MNs plated for 45s is not as evenly distributed
as the 15s and 30s and the 30s layer is the smoothest surface.
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1 10.0kV 9.9mm x1 s ' 5 0. ). 1mm x1 M}

(a) SEM of 15s silver plated MNs (b) SEM of 30s silver plated MNs

10.0kV 10.1mm x1.0(

(c) SEM of 45s silver plated MNs

Figure 4.5: Silver plating at 15, 30 and 45s on the MN structures

As expected, the density of the layer of silver depends on the time of electro depos-
ition. The formation of silver through this method produces a granular layer on the
electrode surface. Comparatively the grains developed by the electro deposition of silver
can be seen to be much larger in size than the grains produced using physical vapour
deposition which makes the surface more three dimensional. This has the potential to
increase surface area and then potentially improve the longevity and usability of the
silver electrode due to more accessible silver. The white appearance is due to the sur-
face being microscopically rough and hence will scatter more light. This can be avoided
by adding supplement chemicals to the process of electroplating. Since the aesthetics
of the electrode surface were not important for biosensing as it is with jewellery, these
chemicals were not added. As the time that the voltage is applied is increased, the

granules more densely cover the surface and grow in size. These differing silver layer
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electrodes are used later when testing and measuring to determine the optimal silver
layer before chloridisation. There are some areas of the surface where the silver appears
not to have grown, this is likely due to how the silver grows in a tree like formation [179].
The trees then grow off each other and can create pockets in between each other which
lead to holes. Once these holes have slightly formed there is potential for a wetting
issue in which the pockets do not contact the solution from which the electro deposition
takes place. Using a cyanide compound is one way to reduce the holes created by these
trees. A silver cyanide silver plating solution was used when electroplating these MNs.
To minimise the impact of the holes, the PVD smooth layer of silver is deposited first

reduced the risk of interference from other metals in the electrochemical readings.

4.2 Chemical functionalisation

4.2.1 Phenol electro polymerisation

Electro polymerisation of monomers such as phenol can be used to form films and when
incorporated with an enzyme can offer one step immobilisation of the enzyme on the
electrode surface. The process uses a standard 3 electrode set up to oxidise the monomer
leaving radical cations that go on to polymerise and form the new polymer layer. The
process is highly controllable and can reliably control the film thickness and the loading
of the enzyme. The method for detecting cholesterol required the used of an enzyme to
bind to the analyte and induce the required change in voltage for measurement. Choles-
terol oxidase was used due to the mechanism similarities between it and glucose oxidase
which is a very widely used enzyme for glucose detection. Cholesterol oxidase has a
much lower activity than glucose oxidase therefore it was pertinent to immobilise the
cholesterol oxidase in the most efficient way on the surface of the MN electrodes allow-
ing for best transport of cholesterol to the surface while blocking some other analytes
with a potential to interfere with measurements.

This is achieved through the electro polymerisation of phenols on the electrode sur-
face. Phenols can convert to polyphenol and trap and bind the cholesterol oxidase within
a porous layer allowing passage of cholesterol to the cholesterol oxidase now immobil-
ised on the surface. This immobilisation layer also prevents the enzyme being released
into the body. A schematic showing the layers of a fully functionalised cholesterol MN
sensor can be seen below in Figure 4.6. The amount of enzyme used was the maximum
dissolvable in solution to maximise the available activity as the greater the activity, the

greater the signal created by the cholesterol binding to the enzyme. Cholesterol oxidase
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and phenol were used at a ratio of 2:1 in PBS solution to provide a 50mM solution
for drop casting onto the MN electrode. This was the maximum dissolvable amount
of enzyme. The electro polymerisation cycles were repeated 6 times with a 15 minute
duration to ensure that there were no unreacted phenol left on the device and that the

cholesterol oxidase was fully immobilised.

Figure 4.6: Schematic of a full functionalised MN array for cholesterol sensing

4.2.2 Electrochemical deposition
4.2.2.1 Silver chloride deposition

To act as a benchmark, results were first obtained using flat silver electrodes. The
electrodes were submerged in 20ml of 100mM potassium chloride (KCl) in a beaker and
a 0.5mA current was applied for 90s for the formation of silver chloride layer from the
electrochemical reaction between the silver layer and the chloride ions in solution. The
process of depositing chloride can be described by the systematic diagram in Figure 4.7.
The silver layer is oxidised while the current is applied to the hydrated electrode which
the forms AgCl from the free Cl- ions in the KCI solution.
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Figure 4.7: Surface reaction of coating the AgCl

Different coating times were used to coat the MNs without stripping the layer of
silver from the device whilst giving enough silver chloride that the electrode had enough
thickness for the chloride transfer that occurs during the readings. A lower current was
used for the MNs in comparison to the planar electrodes to account for the thinner
layer of silver. AgCl coating times of 30s, 45s, and 60s were performed on the PVD
silver electrodes and the devices visually inspected. As is seen in Figure 4.8 the longer
the coating time, the more opaque the colour of the electrodes became. The electrode
coated for 30 seconds in Figure 4.8a has a cloudy dull appearance on the silver surface
where chloride has been deposited. The electrode coated for 45 seconds in Figure 4.8b
has a darker appearance where the chloride has been deposited, this colour change may
indicate that silver oxide has also been formed. The electrode coated for 60 seconds in
Figure 4.8c has a similar colour to the previous electrode but also has some areas where

the layer has been depleted and damaged.
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(a) Ag/AgCl electrode coated for 30s at 0.5mA  (b) Ag/AgCl electrode coated for 45s at 0.5mA

(c) Ag/AgCl electrode coated for 60s at 0.5mA (
layer degraded)

Figure 4.8: AgCl deposition on silver electrodes at different time periods
SEM images were taken after applying the current for different time periods to show

how much silver chloride grain coverage there was. The results are shown in Figures
4.9, 4.10 and 4.11.
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Figure 4.9: SEM image of 30s AgCl coating

After applying 0.5mA for 30s the resulting AgCl grain coverage was 36.4%.

(a) 45s 1 (b) 45s 2

Figure 4.10: SEM image of 45s AgCl coating

After applying 0.5mA for 45s the resulting AgCl grain coverage was 88.3%.
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(a) 60s 1 (b) 60s 2
Figure 4.11: SEM image of 60s AgCl coating
After applying 0.5mA for 60s the resulting AgCl grain coverage was 91.1% in non
damaged areas.
Devices that were used for the determination of chloride that had not had an elec-

troplated silver layer on top of the PVD coating, had cracks across the coating layer as

seen in Figure 4.12.

Figure 4.12: SEM of AgCl electrode cracks after use

Devices with an extra silver plated layer had no cracking and only extra AgCl on the

surface after being used for the chloride determination.
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0.0kV 12.1mm x10.0k

Figure 4.13: SEM of AgCl electrode after use for measurement.

These results show that the device electrodes that had thicker coatings of silver from
silver plating were much more stable due to the even layer and lack of cracking. These
devices were more useable and reliable than thinner only PVD coated devices and had
much less risk of silver depletion when adding the chloride layer. Utilising MNs with
an electro plated silver layer in chloride determination experiments reduces the chance
of complete depletion of silver and therefore a resulting high voltage response that can

damage the surface and prevent readings to determine the concentrations of chloride.
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5 Microneedle Penetration and

Mechanical Characterisation

Microneedle geometry has been previously optimised to a point using a visual technique
as shown in Chapter 3. These MNs have also been metallised as shown in Chapter 4
using both platinum and silver. The following chapter investigates the penetration
efficacy and mechanically characterises the MNs made with the previous geometry. The
investigation here aims to optimise the MNs further using penetration and mechanical

testing.

5.1 Penetration studies

5.1.1 Dye staining

Basic characterisation can be achieved using different types of dyes such as Methylene
blue [180] and Trypan blue [29]. These dyes are utilised to visualise successful MN
penetration into skin due to their ability to selectively stain only living (viable) cells.
Viable cells are located beneath the stratum corneum (SC) skin barrier layer within the
epidermis and so any microchannels created by breaking through the SC are able to be
identified.

Control experiments were conducted to demonstrate positive and negative staining.
Figure 5.1a shows positive staining in visibly broken skin using a scalpel, which after
cleaning with alcohol wipes shows deep blue staining in the broken parts of skin. Figure
5.1c illustrates that without damage the porcine skin does not show a deep blue staining.
In Figure 5.1b the indentations of a MN patch are evident, this does not mean that the

SC is broken and the dye staining is used to confirm skin penetration.
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(a) Methylene blue staining of visible skin tear by(b) Porcine skin with MN applied and no Methyl-
scalpel ene blue staining

(c¢) Methylene staining of porcine skin with no MN or scalpel

Figure 5.1: Positive and Negative Staining controls for methylene blue staining

MNs with lem? base produced with 400um apertures were selected based on visual
geometry from Chapter 3 investigations and mythelene blue staining tests comparing
both 400um and 500um aperture MNs applied on porcine skin using a lever and scales
to apply the same pressure of 10N per cm?each time. This is approximately equival-
ent to thumb pressure [105]. To further prove and optimised the MN geometries the
penetration at the different stages of this optimisation was tested. The protocols used
were the change of settings for each layer printed when fabricating these MNs. The
process was iterative and the protocol adjusted depending on the penetration efficacy.
The MN penetration efficiency was calculated using the number of methylene blue dots
as a proportion of total number of MNs. To calculate this penetration efficiency as a

percentage Equation 5.1 was used where M B is the number of methylene blue dots
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produced and T is the total number of MNs.

% = @xlOO (5.1)

T
The microneedle arrays consisted of 8x8 (64) MNs around 700um in height on a
substrate 1cm? substrate base . To examine the effect of tipped MNs both base versions
and tipped versions of the MN arrays were tested. The resulting penetration efficiency
was calculated using the methylene blue results with the percentages and reference to

Figures shown in Table 5.1.

Table 5.1: Penetration percentage for tipped and untipped 400 and 500ym aperture

MNs
MNs 400um base 400pum base 500um base 500um base
and 150um tip and 150um
tip
Penetration % 39.1 73.4 26.5 40.5
Image Figure 0.4a 5.4c 5.3a 5.3¢

Repetitions saw that results for untipped 400um aperture MNs and both tipped and
untipped 500um aperture MNs averaged at under 30% penetration efficiency. Another
observation made is that the methylene blue dots made using these MNs were not as
strong and clear as the ones for the tipped 400um aperture MNs. Repetitions of 400um
aperture MNs applied on porcine skin gave penetration efficacies of up to 84%. A
schematic of the tipped MN patches can be seen in Figure 5.2 and the protocols for
400um and 500 um aperture MN bases as seen in Table 5.2.

Figure 5.2: A schematic depicting the composition of the tipped MN arrays
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Pass No. | Print Gap (um) | Pressure (kg) |
1 0 1

800
1000
1200

(a) Tapered MN 400pm base

B
()
o
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O 00| | O UY = W[ DN
D
(e}
(e}

Pass No. ‘ Print Gap (um) ‘ Pressure (kg) ‘

1 0 1
2 0 1
3 0 1
4 0 1
5 500 1
6 700 1
7 900 1

(b) Tapered MN 500um base
Table 5.2: Tapered MN 400pum and 500ym base protocols

The mythelene staining in Figures 5.3 and 5.4 below shows that the MNs made using
400um apertures and with tips show staining with mythelene blue over most of the
array compared to the MNs made using 500um apertures and or being untipped show

less staining over the applied array area.
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$4800 10.0kV 9.2mm x90 SE(M) 500um

(¢) 500pm aperture MN tipped (d) SEM of 500pum tipped MNs

Figure 5.3: Tipped and untipped 500um aperture MN comparison of penetration using
methylene blue staining
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2’8

504um

Y $4800 10.0KV 10.5mm x60 SE(M) 500um

(c) Successful 400um MN penetration Methyl- (d) 400pum tipped MNs
ene blue staining

Figure 5.4: Tipped and untipped 400um aperture MN comparison of penetration using
methylene blue staining

When building the MNs each protocol as seen in Tables 5.3 and 5.4 was tested for

the skin penetration efficiency.
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Protocol 1
Pass No. | Print Gap (um) ‘ Pressure (kg)

1 0 1

2 0 1

3 0 1

Base 4 0 1
5) 500 1

6 700 1

7 900 1

. 8 1000 2
Tip 9 1000 2

(a) Protocol 1 MNs using 400um aperture base stencil and 150um
aperture tipping stencil

Protocol 2
Pass No. \ Print Gap (um) \ Pressure (kg)

1 0 1

2 0 1

3 0 1

Base 4 0 1
5) 600 1

6 600 1

7 900 1

. 8 1000 2
Tip 9 1000 2

(b) Protocol 2 MNs using 400pm aperture base stencil and 150um
aperture tipping stencil

Protocol 3
Pass No. ‘ Print Gap (um) ‘ Pressure (kg)

1 0 1

2 0 1

3 0 1

Base 1 0 T
5 500 1

6 900 1

. 7 1000 2
Lip 8 1000 2

(c¢) Protocol 3 MNs using 400um aperture base stencil and 150um
aperture tipping stencil

Table 5.3: Protocol 1-3 full MNs base and tip combined
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Protocol 4
Pass No. | Print Gap (um) ‘ Pressure (kg)

1 0 1

2 0 1

3 0 1

Base 4 0 1
5) 600 1

6 700 1

7 1000 1

. 8 1000 2
Tip 9 1000 2

(a) Protocol 4 MNs using 400um aperture base stencil and 150um
aperture tipping stencil

Protocol 5
Pass No. \ Print Gap (um) \ Pressure (kg)

1 0 1

2 0 1

3 0 1

Base 1 0 T
5 600 1

6 800 1

. 7 1000 2
Tip 8 1000 2

(b) Protocol 5 MNs using 400um aperture base stencil and 150pum
aperture tipping stencil

Protocol 6
Pass No. ‘ Print Gap (um) ‘ Pressure (kg)

1 0 1

2 0 1

3 0 1

Base 1 0 T
5 600 1

6 900 1

. 7 1000 2
Tip 8 1000 2

(¢) Protocol 6 MNs using 400um aperture base stencil and 150pum
aperture tipping stencil

Table 5.4: Protocols 4-6 full MNs

It was found in the majority of cases the base was too wide and so the MN bulged and
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that the joins between the base stencil portion layers and the tipping stencil portion

layers were not seamless enough resulting in poor penetration as seen in Figure 5.5.

S4800 10.0kV 8.0mm x100 SE(M) 500um

(a) Protocol 1 penetration (b) SEM Protocol 1 MNs

(c) Protocol 2 penetration (d) SEM of Protocol 2 MNs

S4800 10.0kV 8.0mm x100 SE(M) 500um

(e) Protocol 3 penetration (f) SEM of Protocol 3 MNs

Figure 5.5: Penetration results of MN protocols 1-3 using methylene blue staining
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(a) Protocol 4 penetration (b) SEM Protocol 4 MNs

(c) Protocol 5 penetration (d) SEM of Protocol 5 MNs

(e) Protocol 6 penetration (f) SEM of Protocol 6 MNs

Figure 5.6: Penetration results of MN protocols 4-6 using mythelene blue staining
The protocols as seen in Tables 5.3 and 5.4 were then adjusted to make sharper tips

and less bulging therefore better penetration. Table 5.5 shows the new protocols 7

and 8. The results of protocol 7 and 8 can be seen in Figure 5.7 where despite both
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MNs having a sharp tip and being a similar height, the difference in width impacted
the penetration for protocol 7. Protocol 7 resulted in MNs around 100um wider than
protocol 8. This ratio difference impacted the penetration significantly. Protocol 8
showed the best penetration as it appears 49/64 MNs have penetrated making the
percentage 76.5%. As can be seen in Figure 5.7

Protocol 7
Pass No. ‘ Print Gap (um) ‘ Pressure (kg)

1 0 1

2 0 1

3 0 1

Base 4 0 1
) 600 1

6 600 1

7 900 1

. 8 1000 2
ip 9 1100 2

(a) Protocol 7 MNs
Protocol 8
Pass No. ‘ Print Gap (um) ‘ Pressure (kg)

1 0 1

2 0 1

3 0 1

Base 1 0 T
5 600 1

6 600 1

7 900 1

. 8 1000 2
Tip 9 1200 2

(b) Protocol 8 MNs
Table 5.5: Protocols 7 and 8 full MNs using 400um aperture base stencil and 150um
aperture tipping stencil
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(a) Protocol 7 penetration (b) Protocol 8 penetration

1 x1 )] SEE .’jEI:leur'nI
(c) SEM of MN using Protocol 7 (d) SEM of MN using Protocol 8
Figure 5.7: Protocol 7 and 8 penetration results using methylene blue staining

Protocol 8 was then used with different stencils changing the pitch to demonstrate

the most optimal pitch diameter for penetration. Four other pitches were investigated
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including the 1100um pitch diameter used previously with protocol 8.

Pitch was compared using these penetration tests as well. These patches had MNs of
around 700ym in height and had the same area of 1cm? therefore the number of MNs
per cm changed with the pitch. There is an optimisation between the number of MNs in
an array of a certain measurement and ensuring minimisation of the 'bed of nails’ effect,
giving greater pressure on the MN as the force in spread over a smaller area. More MNs
in the same area reduces the force on each MN so that penetrations decreased. The
following images in Figure 5.8 show increase in penetration on increasing pitch. This is

most likely due a lessening ’bed of nails’ effect as the pitch increases.

(c¢) 1000pm pitch MN (d) 1100pum pitch MNs

Figure 5.8: MN penetration efficiency comparison by differing pitch using mythelene
blue staining

Repetitions of Protocol 8 were made at the optimal pitch to assess the reproducibility

of The MN arrays. As can be seen in Figure 5.9 there is high percentage efficiency of

on average however the penetration varies slightly for each MN array.
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Figure 5.9: Repetitions of the methylene blue staining penetration tests of MN arrays
fabricated using Protocol 8

As another comparison some 1x5 and 1x4 silicon MNs arrays were tested. These
were solid silicon MNs jointly developed by Swansea University and SPTS technologies,
fabricated using a novel deep silicon etching process of which the details are outlined by
C. Bolton and O.Howells et al [181]. This paper outlines the process to fabricate hollow
MNs however solid MNs were made using a process similar to this but eliminating steps
d-f. These MNs were 700um in height and much sharper than the polymer MNs. They
had a 100% penetration efficiency and it is attributed to the smaller array size giving
less bed of nails effect and that silicon etched MN have a much sharper tip than the
polymer printed MNs. Seen in Figure 5.10.
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(a) Silicon 1x5 array penetration stained with(b) Silicon 1x4 array penetration stained with
methylene blue methylene blue

nm x1 (M)

(c) SEM of silicon MNs x110

Figure 5.10: Silicon MN penetration results using methylene blue staining

In summary these results show that the optimal design for skin penetration for these
polymer screen printed MNs used a 400pm aperture with a pitch of 1100um. Protocol 8
as laid out in Table 5.5 yielded MNs with on average the highest penetration efficiency
of 82.42% therefore these MNs offered penetration that would allow access to interstitial

fluid for diagnostic of drug delivery purposes.

5.1.2 Histology

Histology was used to examine the cross section of the result of MN arrays applied to
porcine skin for the different MN protocol designs. The protocols that didn’t show up as
successful penetration using methyl blue testing were also investigated using histological
cross section imaging. The following images below demonstrate that while the MNs are

making an indent they are not actually breaking the stratum corneum to access the ISF
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on most cases. The stratum corneum can be seen as the dark dyed layer at the top of
the skin. These images explain why when a MN array is applied it is not always the
case that penetration has occurred even though an imprint is left. Comparatively an
intact piece of skin has no obvious indents but there can be deviations from a straight

horizontal stratum corneum due to hair follicles as seen in Figure 5.11.

Figure 5.11: Intact Pig skin cross section labelled with skin layers
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(b) Protocol 2 MN application cross section

Figure 5.12: Cross section of MNs fabricated with Protocols 1 and 2 application on
Porcine skin with some indentations highlighted
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(a) Protocol 3 MN application cross section

T
iR

b

(b) Protocol 4 MN application cross section

Figure 5.13: Cross section of MNs fabricated with Protocols 3 and 4 application on
Porcine skin with some indentations highlighted
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These images of the results of MNs from protocols 1-4 Figures 5.12 and 5.13 illustrate
that indentation can occur without breaking the stratum corneum layer. This is due to
the skins elasticity, after a period of time these indentations would reduced as the skin

returns to its normal shape.

Magni\eir:atior';:‘)(SO_O [ ' o=t . .h_-, :
B o MN indents, ° :

(a) Protocol 5 MN application cross section

Figure 5.14: Cross section of MNs fabricated with Protocols 5-7 application on Porcine
skin with some indentations highlighted
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(b) Protocol 6 MN application cross section

Magpnification: X50.0

MN indents

(c) Protocol 7 MN application cross section

Figure 5.14: Cross section of MNs fabricated with Protocols 5-7 application on Porcine
skin with some indentations highlighted
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The image in Figure 5.15 below shows the cross section of the final protocol 8 MN
array application on porcine skin. This shows the stratum cornewm has been broken by

the MNs and a maximum penetration depths can be measured as 517ym

(a) 50x magnification of porcine skin after MN penetration

Figure 5.15: Histological cross sections of MNs highlighting broken portions of stratum
corneum using final protocol 8
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(b) 100x magnification of porcine skin after MN penetration showing a maximum penetration
depth of 431ym

(¢) 150x magnification of porcine skin after MN penetration, showing penetration depths of
358um and 517um

Figure 5.15: Histological cross sections of MNs highlighting broken portions of stratum
corneum using final protocol 181 3



The penetration of silicon MNs were also examined as a comparison and it was found
that they made very uniform and consistent and clear intents into the skin however a
clear break in the stratum corneum could not be seen and this is most likely due to the
small wall of silicon which had formed around the MN array during their fabrication
process as seen in Figure 5.17. This wall will have reduced the amount of force extended
through the actual MNs and therefore impacted penetration as seen in Figure 5.16.

These MNs usually offer very good penetration as described in [181].

Figure 5.16: Histological cross section of pig skin after application of 1 by 5 array of
Silicon MNs were applied
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Figure 5.16: Histological cross section of pig skin after application of 1 by 5 array of
Silicon MNs were applied

Figure 5.17: SEM of Silicon MN with silicon wall behind
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In summary this shows that the optimal design for these polymer screen printed MNs
used a 400um aperture with a pitch of 1100um. Protocol 8 as laid out in Table 5.5
yielded MNs which penetrated the skin enough to break the stratum corneum giving

access to the ISF which can then be used for biosensing or drug delivery.

5.2 Mechanical characterisation of microneedle arrays

It is important to analyse the mechanical characteristics of MNs in order to calculate
safety margins. The most tested aspect of a MN is usually the axial compression
of the MN patches. This demonstrates the force it will take when compressed from
above the array and can then be compared to the insertion force [22]. The ratio of
insertion force to the force a MN array can withstand would be the parameter looked at
when determining the safety margin, lower forces and therefore a lowered ratio would
therefore be beneficial as it would help minimise pain on insertion of the MNs. MNs
need to withstand the forces during insertion and not break or overly deform.

The MN arrays of lcm? were mechanically tested using an electromechanical testing
system in compression mode with a 1 kN load cell installed. They were then placed
on the baseplate facing up while the top plate was lowered at a rate of 1 mm/min as
seen in Chapter 2. Different maximum amounts of force were applied before stopping
the test. MN arrays that were coated in silver using PVD (physical vapour deposition)
were also tested to see what effect the coating had or how the coating was affected.
These coated MNs are usually used for biosensing. The deformation of the MNs shows
it to be consistent and straight without bending, they stay intact but gradually reduce
in height with the tip collapsing when a certain load threshold is reached. See in Figure

5.18 and 5.19 single MNs as part of a 1cm? array.
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Unloaded 5N load

672um 668um

25N load 50N load

500um S4800 10.0kV 9.2mm x

639um 621ym

100N load 500N load

|||||||||||

54800 10.0kV 11.2mm x100 SE(M) 500um 54800 10.0k Gmm x M)

585um 534um

Figure 5.18: Effects of compression on the height of uncoated MNs under loads 0-500N
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Unloaded

5N load

M)

668um

673um
25N load 50N load
652um
100N load 500N load
54800 10 v) T Cooum
645um

Figure 5.19: Effects of compression on the height of coated MNs under loads of 0-500N




The Force displacement mirrored this plastic deformation with no sudden change to
indicate breakage. Comparatively the silver coated MNs deformed in a similar manner
but a greater load was required to deform the MNs to the same displacement. In Figures
5.20a and 5.20b. This indicates that metal coated polymer MNs can withstand larger

forces than uncoated polymer MNs before they deform.

(a) Uncoated force displacement 5-500N

Figure 5.20: Coated and uncoated force displacement under different forces
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(b) Coated force displacement 5-500N

Figure 5.20: Coated and uncoated force displacement under different forces

Figure 5.21: MN tip force with respect to displacement applied 5N

125



Figure 5.22: MN tip force with respect to displacement applied 25N

Figure 5.23: MN tip force with respect to displacement applied 50N
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Figure 5.24: MN tip force with respect to displacement applied 100N

Figure 5.25: MN tip force with respect to displacement applied 500N
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The insertion forces into porcine skin was analysed axially. The MN arrays were
attached to the top plate and lowered towards the porcine skin at a rate of 1 mm/min
up to a force of 60 N. Any sudden change in force would be indicative of insertion into

the skin. Set up shown below in Figure 5.26

Figure 5.26: Insertion force test set up using Tinus Olsen force station and porcine skin

There is an observable force change albeit a small one at 0.1N and 0.4N for coated
and uncoated MNs respectively in Figure 5.27 This could be a change as a result of
contact and insertion into the skin. This would be a low insertion force and well below
the required safety margins that were needed based on the axial mechanical tests of the

MN arrays.
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(a) Insertion force with a maximum load of 60N

Figure 5.27: Insertion force vs displacement of insertion of MNs into porcine skin

(b) Insertion force with Maximum of 2N

Figure 5.27: Insertion force vs displacement of insertion of MNs into porcine skin

In summary this chapter investigates the image and mechanical characterisation of
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the MN arrays. It illustrates that the polymer MNs made using the final protocol
consisting of 7 passes using a 400um aperture stencil for the base portion and 2 passes
using a 150um aperture stencil for the MN tip when applied to pig skin yielded adequate
penetration to break through the stratum corneum and thus were applicable to be used
for drug delivery experiments. This is illustrated through two methods of staining, one
of which is methyl blue staining of the surface of the skin samples and the other is
Eosin and haematoxylin staining of cross sections of the skin. Both of these methods
showed penetration of the polymer MNs. The mechanical characterisation of the MNs
showed that a force higher than the penetration force required will deform the MNs
and the metal coated MNs withstood an even greater force before deformation. These
experiments demonstrated that both coated and uncoated MN arrays were suitable for

penetration and further use in drug delivery and sensing studies.
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6 Diagnostics and Microneedle

Applications

6.1 Diagnostics

6.1.1 Determination of chloride

Chloride can be used as a means to diagnose cystic fibrosis, and can be measured by
different methods. Chloride can be measured by potentiometry by using a Ag/AgCl
electrode, as an ion selective electrode (ISE) with a reference electrode or by chrono-
potentiometry using similar electrodes but applying a constant current and measuring
potential over time. This method has been adapted by Abbas et al [182] to use two
Ag/AgCl electrodes, one acting as the working electrode and one acting as a pseudo-

reference electrode.

6.1.1.1 The theory of Silver/Silver Chloride measurement methods

The Ag/AgCl ISE electrode is a second kind redox electrode therefore when it is in
contact with a solution containing chloride (Cl-) ions there is an equilibrium that occurs
between the Cl- ions and the AgCl at the surface of the electrode. This methods works
on the basis that a silver electrode gives a half cell potential and can be determined by
the Nernst equation (6.1) which can be seen below where E is the reduction potential,
EY is the standard potential, R is the universal gas constant, 7" is the temperature in

kelvin, n is the ion charge, F' is Faraday’s constant and a is the chemical activity.

T
EAg/Ag+ g E%g/Ag+ + ﬁlnaAgﬁ» (61)

Theoretically a silver electrode alone should respond to the silver ion activity however
when there is an abundance of halide ions there will be lower silver ion activity and
therefore a relatively slow reaction. An electrode coated in halide ions, in this case Cl-
ions causes changes to the silver ion activity at the surface. The silver ion activity at

the surface of silver electrodes coated with the Cl- ions is directly affected by the change
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of the chloride activity in the bulk solution which is defined by the solubility product
of the silver chloride K.

Ky = aagtac- (6.2)

The concentration of the Cl- ions in this case will determine the change in half cell

potential at the working electrode [183].

6.1.1.2 The theory of chronopotentiometry using two AgCl electrodes

This method employs two silver /silver chloride electrodes in the same bulk electrolyte,
one acting as a pseudo-reference electrode and one acting as a working electrode. A
third counter electrode is also used to allow current to be passed through the working
electrode.

This method utilises the difference between the potential difference of the bulk of the
chloride solution and the potential difference at the working electrode due to chloride
depletion. Before a current is passed through the working electrode, the cell is at
equilibrium and both the working electrode and the pseudo-reference electrode are at
the same potential. Therefore the difference between the pseudo-reference and the
working electrode, AV is 0. When the current pulse is applied to the silver working
electrode, the electrode is oxidised to produce Ag™which reacts with the chloride in the

solution to form AgCl as shown below in Equations 6.3 and 6.4.

Ag+e — Ag* (6.3)
AgT +Clm — AgCl (6.4)

The chloride concentration at the working electrode is depleted leading to a potential
difference AV because the half cell potentials are now different as shown in Figure
6.1[134].
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(a) Schematic showing the system at zero current(b) The schematic showing the resulting profile
giving equal half cell potentials between the  during the anodic current pulse where the cur-
electrodes resulting in no potential difference. rent is applied at the working electrode and the

resulting depletion of chloride ions.

Figure 6.1: The schematic of the chronopotentiometry using a two Ag/AgCl electrode
System

The potential difference needs to be measured within the transition time to be valid.
The transition time is the time in which it takes for the Cl- ions concentration at the
electrode surface to reach zero. After this time other reactions such as oxide formation
can occur which interferes and therefore invalidates the results obtained. The desired
current density of the applied current can be estimated using a boundary condition
derived from the logarithmic term of the Nernst equation 6.1 and the potential difference
at the working electrode with respect to the reference electrode as shown in Equation
6.5 [134] where C* is the bulk Cl- ion concentration, j is the current density, D is the
diffusion coefficient, ¢ is the current pulse time, R is the universal gas constant, T is
the temperature in kelvin, and F' is Faraday’s constant. This boundary condition is
outlined in Equation 6.6.

RT (t/Dm)2j

AV = —""In(l1-—
\% Fln( O~ )

j < 0.5FC* % \/(t/Dr) (6.6)

(6.5)

The difference potential (AV') is then used to measure the concentration of Cl- ions.
This is a Cl- ion sensor measurement method using a chronopotentiometry method
adapted from a method devised by Abbas et al [182, 184] to measure the Cl- ions in
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concrete, where a current is applied and the potential measured. Chloride determination
using two Ag/AgCl electrodes utilises the mechanism of the transfer of chloride from
one electrode and measuring the potential at this working electrode versus the potential
of the bulk.

As the current is applied the chloride is depleted and the potential difference increases
until a plateau occurs, after this point the voltage continues to rise and after reaching
an inflection point the formation of silver oxide starts to occurs, this can be seen in the

diagram in Figure 6.2 [134]| below.

Figure 6.2: Ag/AgCl working electrode potential response against an identical Ag/AgCl
reference electrode, showing both the theoretical and experimental responses

The transition time when the chloride ions are depleting increases as the concentration
increases and therefore the amount of chloride ions available near the surface increases.
This can be seen as a shift in the curve of the potential response over time as shown in
Figure 6.3 [134].
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Figure 6.3: Transition times of AgCl electrode in solutions with different concentrations
if Cl- ions

The Abbas method was further adapted to measure the chloride concentration by
recording the AV at a specific time after the applied current is started. In standard
chronopotentiometry the chloride concentration would be determined by plotting the
transition time, when the Cl- ions are depleted at the working electrode, against the Cl-
concentration. Instead Abbas measured the AV at a specific time after the start of the
constant current and then switched the current back to zero as shown in Figure 6.4.

This is why when the same current pulse time is used to measure multiple different
concentrations, the responses for higher concentrations have a lower potential difference.
For the same time period the portion of the curve being analysed for higher concentra-
tions is further away from the end of the transition time period. This difference at the

same time point is illustrated in Figure 6.4 [134].
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Figure 6.4: The potential difference response of the system in solutions at different con-
centrations of chloride

This can be plotted together in a dose response curve which should decrease exponen-

tially towards zero as shown by the theoretical curve in Figure 6.5 [185] with a current
density of 15 Am™.

136



Figure 6.5: The theoretical potential difference (mV) response with respect to Chloride
ion concentration (mM)

6.1.1.3 Chloride determination using silver bar electrodes

To test the adaptation of the method by Abbas et al silver bar electrodes as described
in section 2.2.6 were polished and then chloride coated using a two electrode system of
the silver working electrode and a platinum wire counter /reference electrode. A 1.5mA
current pulse was applied for 240 seconds to yield a Ag/AgCl electrode.

Two of these Ag/AgCl electrodes were then used, one as the working and one as
a reference electrode and a platinum wire electrode was used as a counter electrode.
Each time a reading was run, the potential value taken for the graphs pertained to
the plateau region of the CI- ion depletion. A set of measurements was taken with 7
solutions varying in concentration from 0-100mM of KCI at a current pulse of 1.5mA for
5 seconds of each measurement using the set up as seen in Figure 2.13. The resulting

dose graph based on the results in Table 6.1 can be seen below in Figure 6.7.
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Table 6.1: Data for chloride dose response using silver bar electrodes. Mean values and
corresponding standard deviation error bars for 3 consecutive measurements

Dose response data for AgCl coated silver bar electrodes

mM 2.5 5 10 20 40 80 100
Average | 1.0542 | 0.9061 | 0.7332 | 0.6283 | 0.5529 | 0.5200 | 0.5487
Poten-
tial
Standard | 0.0738 | 0.0376 | 0.0181 | 0.0134 | 0.0042 | 0.0032 | 0.0021
devi-
ation

An example of some of the data traces from the silver bar electrodes is shown below

in Figure 6.6.

Figure 6.6: Resultant potential difference trace during current pulse for measurements
on silver bar electrodes. Reading taken every 10 ms
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Figure 6.7: Chronopotentiometric chloride dose response using silver bar electrodes
taken after 5 seconds

The results of the dose response of chloride using silver bar electrodes shows that
there is a decrease in the potential difference as concentration is increased in the 5-
40mM range. The rate of change is highest at low concentrations and beyond 40mM
potential difference plateaus. For low concentrations of chloride the pulse has depleted
the majority of the available chloride ions at the working electrode. Therefore there
is a large potential difference between the electrodes. As the concentration increases,
more of the available chloride ions remain in solution and so the potential difference
is smaller. At high concentrations, the percentage of chloride ions removed is small
compared to the chloride ions remaining in the vicinity of the working electrode and
the potential difference minimal. The response relating to different concentrations relies
on the current pulse applied as shown in research by Abbas et al [134].

This prompted an investigation into the optimal current for the desired concentration
range. The currents pulses 0.05mA, 0.15mA, 0.5mA, ImA and 1.5mA were investigated
for concentrations 10mM, 20mM, 40mM, 60mM and 80mM due to the clinical range
found in the body when diagnosing cystic fibrosis. Each dose response curve was plotted
alongside each other to determine which current pulse shifted the curve enough to cover

the desired concentration range as seen in Figure 6.8 based on the data in Table 6.2.
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Table 6.2: Data table of the resulting potentials taken after a 5 second pulse of the
chloride dose response at 0.05mA; 0.1mA, 0.15mA, 0.5mA, ImA and 1.5mA
current pulses.

Resulting Current pulse (mA)
potentials of
chloride dose
response
Concentration 0.05 0.1 0.15 0.5 1 1.5
(mM)
10 0.03029 | 0.04878 | 0.13205 | 038275 | 0.7085 | 0.99182
20 0.02375 | 0.0407 | 0.08746 | 0.34293 | 0.57565 | 0.93079
40 0.02254 | 0.03958 | 0.07864 | 0.33951 | 0.52136 | 0.72034
60 0.02023 | 0.03348 | 0.06119 | 0.32742 | 0.50122 | 0.67816
80 0.02069 | 0.0347 | 0.0563 | 0.32733 | 0.51071 | 0.71216

Figure 6.8: Comparison of the dose response potentials at 0.05mA, 0.ImA, 0.15mA,
0.5mA, 1mA and 1.5mA current pulses.

These results show that using a 1.5mA current is indeed the best current to use from

the tested currents for the silver bar electrodes. The 1.5mA offers the largest difference

in potential reading for the concentration 0-80mM range required and therefore it is
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easier to distinguish between different concentrations.

These results using a 1.5mA current shows that silver electrodes can be used to
determine the concentration of chloride solutions. This method can be transferred to
MN electrodes to investigate whether they can be used as a sensor for chloride in the

same way.

6.1.1.4 Chloride determination using MN array electrodes

The method for chloride determination was then investigated on the MN platform. The
first MN devices used had a 250nm PVD coated silver layer which was then coated to
give AgCl electrodes using a 100mM KCI solution and 0.5mA applied current. The
response varied depending on the amount of time the AgCl coating was given. The
coating of Ag to Ag/AgCl electrodes was done for 30, 45, 60 and 75s and then a dose
response between 20 and 80 mM was conducted using these devices with different levels
of chloride coating on lecm? arrays. These results showed a linear region and levelling
off at larger concentrations. However the traces did not show the expected shape as per
the theory and the previous results using solid silver electrode seen in Figure 6.7. The
potential causes for this could be depletion of silver or chloride at the electrode surface
during the reduction of the silver chloride process is as seen in Figure 4.7. There was
not a sufficient response to measure on a 60s or 75s coating to be able to produce a dose
response curve. The most likely reason for this is there was not enough silver present
on the electrodes to be reduced for this length of time.

The following results are based on the devices made using a 30 and 45 second Ag/AgCl
coating with a current pulse applied for 5 seconds. The potential different trace for each
device coated for 30 and 45 seconds is shown in Figures 6.9 and 6.10 respectively. These
show that the maximum value of the trace is increasing, this is different to previous

traces as seen in Figure 6.6 for the silver bar electrodes.
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(a) 30s AgCl Device 1 chloride potential responses at various concentrations

(b) 30s AgCl Device 2 chloride potential responses at various concentrations

Figure 6.9: Potential traces of chloride response using 30s AgCl coated MNs
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(c¢) 30s AgCl Device 3 chloride potential response at various concentrations

Figure 6.9: Potential traces of chloride response using 30s AgCl coated MNs

(a) 45s AgCl Device 1 chloride potential response at various concentrations

Figure 6.10: Potential traces of chloride response using 45s AgCl coated MNs

143



(b) 458 AgCl Device 2 chloride potential response at various concentrations

(c) 45s AgCl Device 3 chloride potential response at various concentrations

Figure 6.10: Potential traces of chloride response using 45s AgCl coated MNs

The average of the triplicate potential readings was plotted with the standard devi-

ation error included on each point as seen in Table 6.3.
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Table 6.3: Average and standard deviation data for dose response on devices coated in
AgCl for 30 and 45 s taken after a 5 second pulse

’ Dose response data for AgCl coated for 30s

mM 20 25 30 35 40 50 60 80
Average | 0.0318 | 0.0313 | 0.0315 | 0.0309 | 0.0313 | 0.0328 | 0.0480 | 0.0489
Poten-
tial
Standard | 0.0025 | 0.0014 | 0.0008 | 0.0005 | 0.0007 | 0.0024 | 0.0038 | 0.0012
devi-
ation

’ Dose response data for AgCl coated for 45s

mM 20 25 30 35 40 50 60 80
Average | 0.0314 | 0.0307 | 0.0316 | 0.0339 | 0.0339 | 0.0343 | 0.0364 | 0.0411
Poten-
tial
Standard | 0.0022 | 0.0021 | 0.0002 | 0.0003 | 0.0002 | 0.0005 | 0.0031 | 0.0005
devi-
ation

Figure 6.11: Dose response of chloride within the 20-80mM range with 30s coating
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Figure 6.12: Dose response of chloride within the 20-80mM range with 45s coating

These electrodes appear to have an unexpected increase in potential which is mostly
likely due to the depletion of all the available silver layer. When the silver layer is heavily
depleted, it can be seen by the naked eye. The potential traces have been plotted below
to further understand the underlying reactions happening in these readings for each
set of dose responses. The effect is more pronounced in the electrode with the longest
(45s) Ag/AgCl conversion time as this will have increased the AgCl in the Ag/AgCl
ratio meaning less silver is available for conversion to AgCl during measurement. This
issue did not happen with the solid silver electrodes seen in figure 6.7 which have a
much more abundant supply of silver, therefore in order to alleviate the issue of silver
depletion prior to use for measurement the electrodes had additional silver electroplated
onto the surface to increase the thickness of the silver layer.

The silver layer of the MN arrays was increased through silver electroplating on the
PVD silver surface prior to coating with chloride. The MNs were plated with silver
for, 15, 30 and 45s to investigate the dose response of MN with different thicknesses of
silver. The longer the plating time, the thicker the layer. The MN arrays were then
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coated with chloride to be used for dose response at different concentrations of chloride
solution. The potential difference traces of the 3 different silver plate thickness MN
devices followed the same pattern as the theory and the results from the silver bar

electrodes and these results are shown in Figure 6.13

(a) Potential difference traces of 15s silver plated MNs

(b) Potential difference traces of 30s silver plated MNs

Figure 6.13: Potential difference traces of MNs silver plated for 15, 30 and 45s
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(c) Potential difference traces of 45s silver plated MNs

Figure 6.13: Potential difference traces of MNs silver plated for 15, 30 and 45s
The corresponding dose response curves for concentrations of chloride between 10mM

and 80mM is plotted in Figure 6.14 using the average readings and standard deviation

as shown in Table 6.4.
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Table 6.4: Average and standard deviation of the resulting potential difference data
from the dose response of MN arrays plated for 15, 30 and 45s taken after 5

seconds
Concentration (mM)
Plating time 10 20 30 40 60 80
(s)
15 Average 0.0718 | 0.0455 | 0.0369 | 0.0322 | 0.0332 | 0.0297
Potential
Standard | 0.0007 | 0.0024 | 0.0004 | 0.0017 | 0.0020 | 0.0011
Deviation
Average 0.0925 | 0.0731 | 0.0513 | 0.0457 | 0.0393 | 0.0326
30 i
Potential
Standard | 0.0059 | 0.0074 | 0.0068 | 0.0049 | 0.0040 | 0.0045
Deviation
Average 0.0630 | 0.0442 | 0.0326 | 0.0326 | 0.0289 | 0.0286
45 i
Potential
Standard | 0.0044 | 0.0112 | 0.0122 | 0.0081 | 0.0077 | 0.0079
Deviation

Figure 6.14: Dose response of chloride on silver plated then Ag/AgCl converted elec-
trodes
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The results show that for each silver plated MN array the potential difference de-
creased as the concentration of chloride increased. The curves tended towards a plateau
at the higher concentrations of chloride which matched the trend in the results from the
silver bar electrodes (Figure 6.7). The error bars from the response on the 45s plated
MNs were larger than the error bars from the 15s and 30s MN arrays showing that the
45s plated MNs offered less reliable results. Both the 15 and 30s plated MNs had good
reliability however the 30s plated MNs had a larger response and less of a plateau at
higher chloride concentrations meaning that these would have the more accurate results
when determining chloride concentration.

In summary, these results show that MN platforms can be adapted into working
chloride sensors and have the potential to be further developed into devices suitable for

use for in vivo testing of interstitial chloride.

6.1.2 Determination of cholesterol

Cholesterol is a type of lipid called a sterol, found in the human body. It is an important
analyte to determine as it can be indicative of a person at higher risk of cardiovascular
diseases and heart attack or stroke. It can be measured by different methods including

similar methods used to determine glucose concentration.

6.1.2.1 Theory of cholesterol detection

Both cholesterol and glucose can be determined by potentiometry by using a platinum
electrode functionalised with an immobilised enzyme such as cholesterol oxidase or gluc-
ose oxidase as the working electrode alongside a reference electrode or chronoampero-
metry using similar electrodes but applying a constant potential and measuring over
time. There are 3 mechanism types to determine the concentration of cholesterol. The
first generation sensors, work by detecting hydrogen peroxide, second generation sensors
add a mediator to catalyse the reaction between the hydrogen peroxide and the surface
and third generation sensors are direct electron transfer on the metal surface.

The first generation sensors utilise the reaction of cholesterol oxidase with oxygen
to produce hydrogen peroxide. Cholesterol oxidase (ChOx) catalyses the reaction of
free cholesterol to cholestenone (Cholest-4-en-3-one) Equation 6.7. The cofactor Flavin
adenine dinucleotide (FAD) in ChOx is reduced which then reacts with dissolved oxygen
(O32) and produces hydrogen peroxide (H203) as seen in Figure 6.15. The H2Os is then
measured by the sensor by oxidising it back to dissolved oxygen and water It is then the

oxidation and reduction of the hydrogen peroxide which is monitored. The equations
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and mechanism are shown in Equations 6.7 and 6.8 [121, 122].

Cholesterol + Oy — Cholest — 4 — en — 3 — one + Hy04 (6.7)

Hs0O9 — O9 + 2HT + 2e” (68)

Figure 6.15: Schematic of the mechanism of a first-generation Cholesterol sensor

These first generation mechanism is the one being used for further investigation of the
determination of chloride. To start, the sensors will be made to determine glucose using
this method as this has previously been investigated [105] and can be used to test the
suitability of this method on the printed MNs. If successful on the printed polymer MNs
with determination of glucose, then cholesterol will be investigated. Due to the reaction
being enzymatic, the resulting dose responses can be plotted as a Michaelis-Menten
plot. The Michaelis-Menten equation derives from the equation for enzymatic reactions
and is a well known and simple approach to enzyme kinetics. The equation relates
substrate concentration to the velocity in a system where a substrate reversibly binds
to an enzyme to form a complex that then irreversibly reacts and creates a product and
regenerates the free enzyme. As depicted in Equation 6.9 where S is the substrate, F

is the enzyme, FES is the complex and P is the product.
E+S=FES—FE+P (6.9)

The Michaelis-Menten Equation 6.10 can be seen below, where S, is the concentration
of the substrate, v is the velocity, Ve 1s the max velocity achieved in the system at

the maximum substrate concentrations, and Kj; the Michaelis constant, which is the
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substrate concentration when the reaction velocity is half of V4.

VmaxSc
v =

= d

The plot of the Michaelis-Menten equation can be depicted as a graph showing the
predicted velocity as a function of the substrate concentration, depicting the parameters
of Vinae and Ky shown in Figure 6.16 [186].

Figure 6.16: Michaelis-Menten plot depicting the reaction velocity as a function of the
substrate concentration, denoting the values V4, and Ky

6.1.2.2 Determination of glucose on Pt MN arrays

Glucose is one of the most common analytes that MN sensing devices have been de-
veloped for and due to the enzyme glucose oxidase being similar to cholesterol oxidase
the fabricated polymer MNs were functionalised and used for the determination of gluc-
ose to prove they could be used as an enzymatic sensor. Previously coated and wire
bonded MNs were electro polymerised to immobilise glucose oxidase with an entrap-

ment of polyphenols on the platinum surface of the electrode utilising the method from
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Sharma et al [105].

Glucose solutions were made using 10 ml of 100mM PBS and 100mg glucose to make
a 50mM stock solution which was subsequently used to make a serial dilution to obtain
solutions with concentrations ranging from 0-40mM solutions as this is the expected
concentration range in the ISF.

Chronoamperometry at 0.7V was performed on the MN devices to determine the
glucose dose response. First PBS was drop cast onto the MN surface, 0V was applied
for 5 seconds and chronoamperometry at 0.7 volts was performed for 600s, this solution
was used as the OmM solution and to remove any unreacted phenol before the gluc-
ose was added. Then concentrations of 2.5mM, 5mM, 10mM, 20mM and 40mM were
consecutively drop cast, left for 5 minutes, then 0V was applied for 5 seconds and the
samples run at a 0.7V potential for 60s. From the trace of the PBS solution a plateau
was reached after 60s therefore it was not necessary to apply the potential for more than
60s. The current traces for each concentration of glucose are illustrated in Figure 6.17.

These show an increase in the resultant current at different concentrations of glucose.

(a) Resultant current from chronoamperometry of glucose concentrations MN1

Figure 6.17: The current traces from chronoamperometry of different concentrations of
glucose for 2 devices
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(b) Resultant current from chronoamperometry of glucose concentrations MN2

Figure 6.17: The current traces from chronoamperometry of different concentrations of
glucose for 2 devices

The final current values after 60s for each concentration were recorded and used to
create a Michaelis-Menten plot of the dose response. These values are shown in Table
6.5.

Table 6.5: Final current values after 60s for glucose concentrations

‘ Current (A) ‘

Concentration (mM) MN1 MN2
0 4.88E-07 | 1.93E-06
2.5 3.41E-06 | 4.63E-06
5 5.48E-06 | 5.94E-06
10 7.78E-06 | 8.18E-06
20 1.19E-05 | 1.25E-05
40 1.26E-05 | 1.34E-05

From Table 6.5 the following dose response was plotted as shown in Figure 6.18.
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Figure 6.18: Dose response of glucose on Pt MN

This shows the two MN devices were successful in detecting this range of concentra-
tions of glucose. The linear region was between 2.5 and 20mM glucose which was in
line with the concentrations of glucose found in the body.

Therefore the devices could then be investigated using cholesterol oxidase to determ-

ine cholesterol concentration.

6.1.2.3 Determination of cholesterol on Pt MN arrays

Previously coated and wire bonded platinum MNs electrodes were electro polymerised
to immobilise cholesterol oxidase with an entrapment of polyphenols on the platinum
surface of the electrode and then when dried they were used for cholesterol sensing, The
set up for this was a platinum coated MN Array electrode used as the working electrode,
a platinum wire counter electrode and and a silver/silver chloride reference electrode.
There is potential for devices using all integrated MN electrodes rather than external

electrodes. This would be a requirement for testing/using in real skin.
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Figure 6.19: Cholesterol sensing set up

Cholesterol solutions were made with alcohol, Triton X and PBS in the ratio of 10:4:86
by weight as described by Yldrmoglu [118]. The solutions did not fully dissolve therefore
a higher proportion of Triton X and ethanol was used to aid solubility. PBS was used
as a base for the solutions as it increases the electro conductivity of the solutions. The
cholesterol was slowly heated in ethanol and Triton X to 60°C until the solution turned
clear. PBS was then added which turned the solution cloudy. It was then heated in a
water bath at 60°C for 30 minutes due to a higher solubility in hot alcohol. After this
the solutions were left to cool and they turned clear if the cholesterol dissolved. The
cholesterol dissolved in a solution with a ratio of 20:8:72 of ethanol:tritonX:PBS giving
a clear solution. A 20mM cholesterol solution using this ratio was made which was then
diluted to concentrations from 1.25mM to 15mM using the solution the cholesterol had
been dissolved in. This was the range was used as it covers the concentration range
found in bodily fluids.

Chronoamperometry at 0.7V was performed on the MN devices to determine the
cholesterol dose response. Using the same method as for the glucose sensing, PBS was
drop cast onto the surface. 0V was applied for 5 seconds and chronoamperometry at
0.7 volts was performed for 600s, this was used to remove any unreacted phenol before

the cholesterol was added. The diluting solution was drop cast and then run under
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the same conditions as the PBS so that it could be used as the 0mM solution. Then
concentrations 1.25mM, 2.5mM, 5 mM, 10mM, and 15 mM were consecutively drop
cast. Each solution was left for 5 minutes before 0V was applied for 5 seconds and then
the sample run at a 0.7V potential for 150s. Each of the concentrations of cholesterol
was run for 150 seconds only as this was the time point of plateau during the dilution
solution run.

The following experiments were conducted using the cholesterol concentrations to
produce the following current traces seen in Figure 6.20 and the traces of the PBS only

and the dilution solution are shown in 6.21.

Figure 6.20: Current traces of 1.25mM, 2.5mM, 5mM, 10mM 15mM cholesterol response
using the Enzyme immobilised Pt MNs using
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Figure 6.21: Current traces of the PBS alone and dilution solution including Triton X,
ethanol and PBS response using the Enzyme immobilised Pt MNs

The graphs in Figure 6.22 have been plotted compensating for the background solu-
tion utilising the data at the end of the traces at time 155s as seen in Table 6.6. The
resulting graph using the dilution solution as the background removes the background

current giving a more linear plot through 0.
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Table 6.6: Cholesterol sensing data including with and without the background current
from the dilution solution.

Concentration (mM) Average Current adjusted
Current at for background
155s (A) (A)
1.25 1.19E-06 8.95E-08
2.5 1.70E-06 5.98E-07
5 1.83E-06 7.25E-07
10 2.94E-06 1.83E-06
15 3.50E-06 2.39E-06
0 1.14E-06 0
(Dilution solution inc
Triton X)
0 (PBS) 3.05E-08 0

(a) Cholesterol in the Triton X, Ethanol, PBS mix dose response

Figure 6.22: Cholesterol sensing dose response
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(b) Cholesterol dose response minus the values for Triton X mix solution

Figure 6.22: Cholesterol sensing dose response

This shows the MN devices were successful in detecting this range of concentrations
of cholesterol. The linear region was between 1.25 and 15mM cholesterol which is in

line with concentrations found in the human body.

6.2 Microneedles for Therapeutic Delivery

MNs have already been used in drug delivery for a multitude of different sorts of drugs for
many different conditions, diseases and illnesses. The MNs made as described previously
are being investigated for their effectiveness at drug delivery. Their ability to penetrate
the skin has been proven therefore the next step to their effectiveness is to study their
capability to deliver drug across the stratum corneum to induce a therapeutic response.
The aim is to facilitate and improve the transdermal delivery of these drugs past the
stratum corneum layer into the lower layers of the skin where in vivo the drug would
then be transported by the body. In vitro studies were conducted to analyse the passive
transport of the drug through the skin. To illustrate the drug delivery in context, the
delivery of a positive control using a hypodermic needle and negative control of skin

only alongside the results from silicon MNs made using photolithography and etching.
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The silicon MNs are very sharp but expensive and can be more challenging to produce.
The polymer MN arrays that are used have a much cheaper manufacture cost, due to

the fact that they require less processing and cheaper equipment.

6.2.1 Calcein drug delivery

Calcein is a fluorescent small molecule drug that has been used many times to illus-
trate drug delivery. It can be quantified using a fluorescent microscope or plate reader
therefore has an easy method for detection. It can be used as a standard drug used for
testing drug delivery methods due to the lipophobicity which prevents independent nat-
ural diffusion and penetration through the stratum corneum. This lends it to the task
of illustrating the transport through the skin due to the penetration of MNs through
the stratum corneum. Franz cell experiments were used to model the transport of the
calcein through the porcine skin after the application of MNs. Prior to this a 2.5ug/ml
concentration calcein solution was made up and 50ul was pipetted onto the open area
where the MNs had been applied. In order to determine the concentrations, first a cal-
ibration curve was plotted using dilutions in the range of 0-2.5 ug/ml. The calibration
for this solution gave a trend line in the form y=mx+c with an intercept at 0 and an m
value of 3501.8 which was used to convert from the fluorescence to concentration and

shown in Figure 6.23

Figure 6.23: Calibration curve of calcein showing the concentration in relation to the
fluorescence with the standard deviation
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The samples were taken at time points over a 24 hour period including 5min, 15min,
30min, lhr, 2hrs, 4hrs, 6hrs, 8hrs and 24hrs. These were taken by displacing the liquid
in the receiving chamber with 400ul at each time point and then the samples quantified
in the microplate reader. The calibration curve was utilised to find the concentrations
of calcein that coincided with the fluorescent values acquired from each sample. These
concentrations were then analysed to show the cumulative concentration data for each
of the cells. Printed polymer MNs and silicon MNs were investigated for their efficiency
in assisting calcein drug delivery across the skin barrier. They were compared to a
positive control using a hypodermic needle illustrating ideal diffusion of drug and a

negative control of the skin with no application of needles, as seen in Figure 6.24 .

Figure 6.24: Cumulative delivery of calcein

Flux is calculated using the mass worked out from the concentration and divided by

the time point and area of orifice, as seen in Table 6.7.
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Table 6.7: Flux rate of Calcein over time

Flux (Js (ug/cm2/hr)

Time (hr) | Polymer MNs ‘ Silicon MNs ‘ Hypodermic ‘ Skin
0.083 3.194 13.499 35.925 0.404
0.25 0.069 0.839 1.792 0.015
0.5 0.125 0.664 1.667 0.014

1 0.080 0.516 1.177 0.011
2 0.042 0.277 0.619 0.006
4 0.023 0.134 0.399 0.004
6 0.014 0.088 0.187 0.003
8 0.015 0.089 0.179 0.003
24 0.004 0.024 0.045 0.001

The remaining skin was subject to the tape stripping and homogenisation procedures
as previously explained in chapter 2. The solutions obtained were quantified using the
fluorescent plate reader and the corresponding concentrations and masses were calcu-
lated. The first tape strip taken was the equivalent of the non absorbed drug, the next
10 tape strips taken were equivalent to the amount of drug left in the epidermis and
the homogenisation was equivalent to the amount of drug remaining in the skin. The
percentage permeation profile of the skin in the Franz cells treated with hypodermic
needle, polymer MN and no treatment are shown in the stacked bar chart in Figure
6.25 below.

Figure 6.25: Percentage permeation of calcein in the skin using hypodermic, polymer

MNs and skin only.
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The results from the Franz cells show that the amount of calcein that diffuses through
the Franz cell is the greatest with a hypodermic needle, the silicon MNs were about 50%
less effective as hypodermic , followed by the polymer MNs which were about 50% less
effective again at delivering across the skin into the Franz cell chamber over a 24hour
period. While the polymer MNs were not as successful at delivering across the skin,
there was a 70% delivery into the epidermis and dermis of the porcine skin Figure 6.25.
This is just through passive diffusion and in a live subject there can be active diffusion
from these layers of the skin aswell. The skin only result confirmed that the drug did not
pass through the skin into the PBS at all without a MN or hypodermic needle applied.

The flux shows that the drug permeated nearer the beginning of the experiment.

6.2.2 Pravastatin drug delivery

If cholesterol is an important analyte to monitor in patients then it would be prudent to
investigate the use of MNs to deliver a drug that can be used to manage high cholesterol.
Statins are the type of drug usually used to treat high levels of cholesterol including high
levels of LDL cholesterol. Pravastatin is a type of statin drug which is water soluble
which lends well to testing using PBS as the solvent for drug delivery investigations.
Pravastatin was quantified by using HPLC, this takes longer to obtain results than a
plate reader but gives accurate results by separating the pravastatin from any other
components in the samples. Franz cell experiments were used to model the transport
of the pravastatin through the porcine skin after the application of MNs. Solutions of
Img/ml and 10mg/ml concentrations of pravastatin was made up in 0.1M PBS and
50ul was pipetted onto the open area where the MNs had been applied. In order to

determine the concentrations, first a calibration curve as shown in Figure 6.26.
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Figure 6.26: Pravastatin calibration curve

The samples were taken at time points over a 24 hour period including 5min, 15min,
30min, lhr, 2hrs, 4hrs, 6hrs, 8hrs and 24hrs. These were taken by displacing the liquid
in the receiving chamber with 400ul at each time point and then the samples were
quantified using the HPLC. The calibration curve was utilised to find the concentrations
of pravastatin that coincided with the UV area values acquired from each sample. These
concentrations were then analysed to show the cumulative concentration data for each
of the cells. Printed polymer MNs and silicon MNs were investigated for their efficiency
in assisting pravastatin drug delivery across the skin barrier. They were compared to
a positive control using a hypodermic needle illustrating ideal diffusion of drug and
a negative control of the skin with no application of needles. Figure 6.27 shows the

cumulative results of 1mg/ml drug added.
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Figure 6.27: 1mg/ml pravastatin poke and patch drug delivery comparing Hypodermic
and microneedles

Figure 6.28 shows the cumulative results of 10mg/ml drug added with the data used
shown in Table 6.8.

Table 6.8: Cumulative concentration of Pravastatin over time

Concentration (ug/ml)

Time (hr) | Polymer MNs ‘ Silicon MNs ‘ Hypodermic ‘ Skin
0.083 0 0 0 0
0.25 49.166 1.786 3.407 1.694
0.5 53.597 39.584 38.341 1.722

1 57.975 47.955 39.919 1.780
2 61.928 51.992 47.988 1.805
4 62.684 87.878 56.368 1.820
6 72.377 97.107 86.014 2.159
8 73.225 111.696 107.739 2.481
24 82.707 174.541 146.071 2.503
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Figure 6.28: 10mg/ml pravastatin poke and patch drug delivery comparing Hypodermic
and microneedles

Flux is calculated using the concentration divided by the time point and area. Table
6.9 shows the flux rates for the 1mg/ml pravastatin applied and Table 6.10 shows the
flux rates for the 10mg/ml pravastatin applied.

Table 6.9: Flux rate of 1mg/ml pravastatin over time

Flux (Js (ug/cm2/hr)

Time (hr) | Polymer MNs ‘ Hypodermic ‘ Skin
0.083 46.873 38.965 37.62
0.25 0.653 0.795 1.225
0.5 0.650 0.775 0.969

1 0.804 1.449 0.381
2 0.261 8.171 0.185
4 0.026 0.162 0.096
24 0.030 0.033 0.026
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Table 6.10: Flux rate of 10mg/ml pravastatin over time

Flux (Js (ug/cm2/hr)

Time (hr) | Polymer MNs ‘ Silicon MNs ‘ Hypodermic ‘ Skin
0.083 4196.452 151.053 272.567 130.426
0.25 156.677 5.220 4.817 0.701
0.5 134.053 477.923 441.711 0

1 94.556 291.595 230.782 0.365
2 34.850 133.107 140.756 0.263
4 18.613 10.143 83.951 0.154
6 2.251 16.434 24.634 0.458
8 1.022 0.859 35.550 0.090
24 2.825 16.751 1.807 0.024

These results show that the amount of pravastatin that diffuses through the Franz cell
is the greatest with a hypodermic needle, the silicon MNs were about 50% less effective
as hypodermic , followed by the polymer MNs which were about 50% less effective again
at delivering across the skin into the Franz cell chamber over a 24hour period Drug was
found to be in the dermis and epidermis layers of the skin using the polymer MNs. The
skin only result confirmed that the drug did not pass through the skin into the PBS at
all without a MN or hypodermic needle applied.

In summary this chapter investigates the use for these MNs in the diagnostic and
therapeutic sectors and how it would be applied to real world situations. They can be
used as sensor platforms to determine glucose, chloride and cholesterol. If the external
reference and counter electrodes are changed to integrated MN electrodes alongside the
working MN electrode they can be used in skin. These MNs can facilitate the delivery

of calcein and pravastatin across the skin barrier.
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Conclusion and Future Work

This work has examined the fabrication and use of polymer MNs in both diagnostic and
therapeutic applications.

The polymer MNs were prepared by ML3DP which is a highly flexible process. It
can be adapted to specifications for different applications using stencils with different
aperture sizes, aperture shapes, the number of passes and the type of UV curable
polymer. The process also has the advantage over other fabrication methods due to the
ability for high volume manufacturing which can be easily adapted . This reduces the
cost of making these MNs to a much lower level when compared to MNs made by etching
or small scale printing. These polymer MNs may not penetrate as well as metallic or
silicon MNs and aren’t inherently conductive but may be safer as the material is not at
risk of breaking off and is biocompatible.

The starting point of MN fabrication produced MNs using 200um aperture stencils
making cylindrical round tipped MNs therefore the MNs optimised for desired height,
stability and penetration efficiency, fabricated by ML3DP required a build which used
a wider diameter aperture at the base depositions and a smaller diameter aperture at
the needle tip end. The optimal aperture was 400um, this yielded the most conical type
shape which aided in penetration efficiency. This produced MNs which were sharper
and had a better penetration efficacy than the starting point. The print gaps were
varied multiple times but it was found that several passes at the 0 print gap and then
evenly spaced print gaps there after were the most efficient way to fabricate the MNs.
The pressure was always higher on the initial passes to ensure good adhesion with the
substrate and then lowered so it did not impact the following print gaps due to flexing
of the steel stencil. The final protocol 8 reliably produced tips under 10ym with the
average diameter of 8um with the use of a 150um aperture tipping stencil. This extra
tipping step ensured a sharp enough MN tip for penetration.

The protocol that yielded MNs with on average the highest penetration efficiency of
82.42% and therefore these MNs offered penetration that would allow access to inter-
stitial fluid for diagnostic of drug delivery purposes utilised separate stencils for the

base and tip portions of the MN fabrication. It had fewer passes (layers) with larger
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print gaps allowing the tapered conical shape with a sharp tip to be formed for optimal
penetration. It was proved that when these polymer MNs, made using this optim-
ised protocol, when applied to pig skin yielded adequate penetration. The MNs broke
through the stratum corneum and thus were applicable to be used for drug delivery
experiments or diagnostic experiments. These results confirmed that the sharpness of
the tip is critical in the success of penetration and height and width of the MNs are also
important factors for penetration efficiency. The with the tip diameters of on average
under 10pum had penetration efficiencies of between 76.56% and 82.42% where tips with
diameters of 20um and larger only had penetration efficiencies of up to 18.75%.

The mechanical characterisation of the MNs showed that a force 3 times higher than
a typical penetration force of 10N will deform the MNs significantly and permanently
and the metal coated MNs withstood an even greater force before deformation. These
experiments demonstrated that both coated and uncoated MN arrays were mechanically
suitable for penetration and use in drug delivery and sensing studies and held up to the
forces put upon them during penetration .

The image characterisation of MN devices, used as diagnostic electrodes showed that
thicker coatings of silver, due to an extra silver plated layer were much more stable
because of the even layer and lack of cracking. Therefore they were more useable and
reliable than thinner only PVD silver coated devices. The MNs with a thicker silver
layer also had a lower risk of the silver being depleted during the conversion to silver
chloride. Utilising MNs with an electro plated silver layer in chloride determination
experiments also reduces the chance of complete depletion of the silver layer during the
current pulse when using the chloride chronopotentiometry measurement method..

The electrochemical experimental results showed that using silver bar electrodes with
a 1.bmA applied current successfully showed the response of the concentration of chlor-
ide solutions in the required range between 2.5 and 40mM using MN platforms. MN
platforms using a similar method to the silver bar electrodes were adapted into working
chloride sensors and successfully showed the response of the concentration of chloride
solutions in a similar range to the bar electrodes.

The MN devices were functionalised by immobilising glucose oxidase on the platinum
surface and were then successful in detecting a range of concentrations of glucose. The
linear detection region was between 2.5 and 20mM glucose which was in line with the
concentrations of glucose found in the human body.

The method used for determining glucose with MN devices was investigated using
cholesterol oxidase to determine cholesterol concentration. The MN devices were func-

tionalised by immobilising cholesterol oxidase on the platinum surface and were then
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also successful in detecting the desired range of concentrations of cholesterol. The lin-
ear region was between 1.25 and 15mM cholesterol which is in line with concentrations
found in the human body.

These ML3DP polymer MNs were shown to be capable of delivering substances across
the skin barrier, such as up to 0.06ug/ml small molecule drug model calcein and up to
80ug/ml large molecule drugs such as pravastatin through a 'poke and patch’ method.

Future work to improve the use of MNs as electrodes to determine chloride would be
to increase the silver coating further to avoid depletion during conversion of silver to
silver chloride. This could lead to investigations in determining higher concentrations
of chloride using larger applied currents to increase the range.

To improve accuracy of cholesterol determination, an optimisation of the cholesterol
solutions to minimise the use of triton X and ethanol in the effort to reduce the back-
ground current and lower the detection limit. These solutions could also be altered to
emulate the true contents of the interstitial fluid that would be the fluid tested when
using these MNs in practice. These sensors utilised external reference and counter
electrodes therefore to be considered for use in human or animal testing, integrated
MN reference and counter electrodes should be investigated as the potential or current
response could be different for the smaller volumes that would be present in these situ-
ations. Further drug delivery tests using 3D human skin cultures could be investigated.
Microneedles could also be altered so that they perform both sensing and delivery func-
tions in coupled analytes such as cholesterol and pravastatin. These would be useful
in long term monitoring of different diseases and long term conditions that patients

experience.
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