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Abstract
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Mechatronics Engineering, Master’s Thesis, July 2022

Thesis Supervisor: Assist. Prof. Bekir Bediz

Keywords: drug delivery, microneedle, microneedle array, micro-manufacturing,

structural optimization, finite element analysis, osteoarthritis.

Due to their various advantages compared to conventional drug delivery systems
such as hypodermic injections and oral medications, microneedle arrays (MNAs) is
a promising drug delivery system. Needle geometry is an important parameter to
achieve enhanced performance of the MNA. Thus, it is crucial to develop numerical
models and optimize the needle geometry. In this work, a multi-objective optimiza-
tion framework is presented to determine the optimum design of MNAs. For this
purpose, a three-dimensional model of a single microneedle (MN) is developed. To
simulate the insertion process, a load is applied at the tip region. Since depending on
the orientation of the force, the failure can be either due to the buckling or bending,
a multi-objective optimization based on non-dominated sorting genetic algorithm
IT (NSGA-II) is performed to obtain geometrical properties such as needle width,
tip (apex) angle, base fillet radius. The objective is to prevent mechanical failure
when the needles are inserted into the skin; thus the objective function is set to
minimize the maximum stress occurring throughout the structure. As a result, the
chosen dimensions provides a safety factor of 8.8. Based on the optimized geometry
of the needles, master molds for MNAs are then fabricated from PMMA using me-
chanical micromachining process. This fabrication method is selected mainly due
to the geometry capability, production speed, production cost, and the variety of
materials that can be used. These fabricated master molds are used repeatedly to

fabricate Polydimethylsiloxane (PDMS) production (female) molds through micro-
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molding approach. In this study, the materials utilized in fabrication of MNAs are
mainly considered for the application purpose of Osteoarthritis (OA), which is a
degenerative chronic disorder, not only affecting the articular cartilage, but also
the subchondral bone, synovium, joint capsule, and soft tissues around the joint.
The main purpose of OA treatment is to preserve the structure and functions of
the joint, reduce inflammation and fibrosis, and prevent progressive cartilage loss.
Medical support therapies including glucosaminoglycan (GAG), chondroitin (CS),
and hyaluronic acid (HA), are among the regenerative strategies to prevent surgical
joint replacement. However, they must be taken orally in high doses, continuously
and for weeks to months causing series of side effects in the gastrointestinal sys-
tem. Therefore, to prevent these side effects by using MNAs to apply the desired
therapeutic substances locally under the skin at the targeted dose preventing the
hepatic first pass effect. Ultimately, a dissolvable polymer with the stated bioactive
cargo is cast into the production molds under vacuum to produce the dissolvable
MNAs. To characterize and demonstrate the performance of the fabricated needles,
(i) scanning electron microscope images are taken which show the accuracy of the
fabricated geometries with a 0.75%-0.80% difference from the targeted dimensions,
and (ii) a series of in-vitro tests are performed including piercing, cytotoxicity, dis-
solution, scratch assay and HPLC. It is shown that optimized MN geometries can be
precisely fabricated using the presented fabrication methodology and the fabricated

MNAs have promising results regarding drug delivery and mechanical feasibility.



Ozet

OSTEOARTRIT TEDAVISI ICIN GLUKOZAMIN, KONDROITIN VE
HYALURONIK ASIT ICIN COZUNEBILIR MIKROIGNE DIZILERININ
OPTIMIZASYONU VE URETIMI

Andisheh Choupani
Mekatronik Miihendisligi, Yiiksek Lisans Tezi, Temmuz 2022

Tez Damigmani: Assist. Prof. Bekir Bediz

Anahtar Kelimeler: Osteoartrit, ilag iletimi, mikroigne, mikroigne dizisi, mikro

imalat, yapisal optimizasyon, sonlu elemanlar analizi.

Hipodermik enjeksiyonlar ve oral ilaglar gibi geleneksel ilag dagitim sistemlerine
kiyasla cesitli avantajlari nedeniyle, mikroigne dizileri (MNA’lar) umut verici bir
ilac dagitim sistemidir. Igne geometrisi, MNAmin performansmi etkileyen énemli
bir faktordiir. Bu nedenle, sayisal modeller gelistirmek ve igne geometrisini optimize
etmek oldukca 6nemlidir. Bu ¢alismada, MNA’larin optimum tasarimini belirlemek
icin ¢ok amach bir optimizasyon ¢ercevesi sunulmaktadir. Bu amacgla, dikilitag ge-
ometrisine sahip tek bir mikro ignenin (MN) ti¢ boyutlu modeli geligtirilmistir. De-
riyi delme stirecini simiile etmek i¢in ignenin u¢ bolgesine bir ytiik uygulanmaktadir.
Kuvvetin oryantasyonuna baglh olarak, burkulma veya biikiilme nedeniyle yapida
kirllma olabileceginden, igne genigligi, ug (tepe) agisi, taban koge yaricap: gibi ge-
ometrik ozellikleri elde etmek i¢in baskin olmayan siralama genetik algoritmasi I1'ye
(NSGA-II) dayal ¢ok amach bir optimizasyon gergeklegtirilmigtir. Buradaki amacg,
ignelerin deriye sorunsuz bir gekilde girmesini saglamaktir; bu nedenle amag fonksiy-
onu, yapl boyunca meydana gelen maksimum gerilmeyi en aza indirecek gekilde
ayarlanmigtir. Sonug olarak, segilen boyutlar 8.8’lik bir giivenlik faktorii saglar.
Daha sonra ignelerin optimize edilmis geometrisi kullamilarak, MNA’lar icin ana
(erkek) kaliplar mekanik mikro igleme prosesi kullanilarak PMMA’dan iiretilmigtir.
Bu imalat yontemi, temel olarak geometri yetenegi, tiretim hizi, tiretim maliyeti ve
kullanilabilecek malzemelerin cesitliligi nedeniyle secilmistir. Uretilen ana kaliplar,
mikro kaliplama yaklagimiyla Polidimetilsiloksan (PDMS) tretim (disi) kaliplarim
imal etmek i¢in tekrar tekrar kullanilabilmektedir. Bu ¢alismada, MNA’larin tre-
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timinde kullanilan malzemeler esas olarak Osteoartrit (OA) uygulama amaci igin
ele alinmigtir. Osteoartrit en yaygin artrit tiirii olup eklem kikirdaginin yani sira
sinovyal eklemin bilegenleri olan subkondral kemik, sinovyum, eklem kapsiili ve
bagta baglar olmak tizere eklem cevresi yumusak dokulari da ilgilendiren dejener-
atif ve destriiktif bir kronik hastaliktir. Osteoartrit tedavisinin temel amaci eklemin
yap1 ve islevlerini korumak, inflamasyonu ve fibrozisi azaltmak ve progresif kikirdak
kaybini dnlemektir. Glukozaminoglikan (GAG), Kondroitin (CS) ve hiyaluronik asit
(HA) igeren, hasara ugramis kikirdak matris bilegenlerinin yerine konmasini hede-
fleyen medikal destek tedavileri, cerrahi olarak eklem replasmanina gitmeyi 6nleyici
rejeneratif stratejiler arasinda yer almaktadir. Dolayisiyla GAG ve CS’in agriyi
azaltabilmesi i¢in agiz yoluyla yiiksek dozda, stirekli ve haftalar-aylar boyunca alin-
mas1 gerekir. Ancak bu alim gastrointestinal sistemde yan etkiye yol acabilir. Bu
nedenle MNA’lar kullanilarak hedeflenen dozda deri altina istenilen tedavi edici
maddeler lokal olarak uygulanarak hepatik ilk gecis etkisi engellenerek bu yan etki-
lerin 6nlenmesi amaclanir. Son olarak, belirtilen biyoaktif kargoya sahip ¢oziinebilir
bir polimer, ¢ozinebilir MNA’lar1 tiretmek i¢in vakum altinda tretim kaliplarina
dokiiliir. Uretilen ignelerin performansimi karakterize etmek ve gostermek icin, (i)
taramali elektron mikroskobu kullanilarak tretilen ignelerin geometrileri incelen-
mis ve hedeflenen boyutlardan 0.75%-0.80% farkla fabrikasyon geometrilerin dogru-
lugunu gosterdi, ve (ii) bu igneler kullamlarak yapay delme, sitotoksisite, ¢oziinme,
cizik testi ve HPLC dahil olmak ftizere bir dizi in vitro test gerceklestirilir. Opti-
mize edilmig MN geometrilerinin sunulan tiretim metodolojisi kullanilarak hassas
bir gekilde tretilebilecegi ve tiretilen MNA’larin ilag dagitimi ve mekanik fizibilite
konusunda umut verici sonuglara sahip oldugu gosterilmigtir. testleri yapilmigtir.
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Chapter 1

Introduction

Chapter 1 provides a broad overlook on drug delivery systems, their routes of ad-
ministration and the sets of challenges they face. A state of the art drug delivery
system known as microneedle arrays has been introduced along with their various
types, materials, and geometries. A review of optimization and fabrication methods
of the microneedle arrays has been mentioned as well as the many applications in

which they have been used for specific treatments.

1.1 A Brief History of Drug Delivery Systems

Historically, modern drug delivery systems have been developed after ancient mod-
els, and they seem to be developing at a very rapid pace over the centuries. The
origin of drug delivery approaches cannot be determined because pharmacists were
practicing before the word Pharmacy was even conceived. In the early 19" century,
drug delivery technologies evolved from the Industrial Revolution to the present day.
Various forms of medicines, including capsules and microparticles, were commonly

produced on a large scale after the invention of machines [5].

In general the evolution of drug delivery systems has been divided into three dis-
tinct time periods (generations). The first generation began with the invention of
sustained-release capsules. In the early 1950s, modern drug delivery technologies
became more commonly available. These capsules could deliver a drug for up to 12
hours after administering the medicine orally by delivering a first dosage immedi-
ately followed by a gradual release of the remaining dose. The second generation
of drug delivery systems was developed between 1980 and 2010. Even though the
fact that the drug delivery systems were fascinating and had a lot of impact on the

industry, they did not have a very impressive success rate according to their clinical



formulations. At the beginning of the 1980s, transdermal and oral formulations of
small molecules that provided therapeutic durations of up to 24 hours were the most
prevailing form of drug delivery on the market. Since 1989, long-acting injections
and implants have been available, expanding the period of time for which drugs can
be delivered, from days to months and in some cases even to years. The 2000s were
considered to be the beginning of the nanomedicine era. There remains much work
to be done on establishing the third generation of drug delivery systems, as they
will need to go far beyond the second generation technologies if both physical and

biological barriers are to be overcome successfully.

Despite the remarkable breakthroughs over the last several decades in drug delivery
systems, there are still many technologies that have not yet been discovered nor uti-
lized in an authorized form. With the increase in life span as well as the prevalence of
various diseases, the number of people requiring long-acting treatment is increasing.
It is important to innovate in this field and its technologies to address the present
and future unmet needs, such as enhancing the water solubility of drugs, creating
longer-lasting medications, and surpassing biological barriers. Future drug delivery

technologies must draw upon past experiences to develop effective treatments [6, 7].

1.2 Drug Delivery Systems

There has been a great deal of success with converting promising therapeutics into
effective treatments through delivery systems. Due to the rapid evolution of the
therapeutic field, the delivery strategies and technologies were adjusted quite fast
to meet the evolving needs of drug delivery [8-10]. The term 'drug delivery sys-
tem" refers to a wide range of technologies, compositions, manufacturing strategies,
methods of storing, and approaches meant to transport a medical substance to its
targeted site to obtain the intended therapeutical effects [11]. In a nutshell, a drug
delivery system is the interaction between a drug and a patient. This may be in
the form of a compound or substance to be administered therapeutically, or it may
consist of a device that is used to deliver the drug. An important distinction must be
made between drugs and devices, as this is the basis for regulated control by drug
and medicine control authorities. As long as the device is administered into the
body to achieve therapeutic effects through a physical process or it contains a drug
to avoid complications, it’s considered solely as a device. It is important to realize
that there is a broad range between drugs and devices, and this determination is

made on a case-by-case basis [12].



Various principles are considered when optimizing drug effectiveness, safety, and im-
proving patient convenience and satisfaction. These include delivery route, the site
of administration, metabolic rate, and toxic effects [13]. The purpose of drug deliv-
ery is to modify the bioavailability and characteristics of a drug utilizing different

components, carriers, and medical devices in its formulation [14, 15].

1.3 Routes of Administration

The concept of drug delivery is often considered that it’s strongly associated with
dosage form and administration route, which is often viewed as being part of the
definition as well. TThe concepts of drug delivery and route of administration
are fundamentally different. Drug administration route corresponds to the actual
pathway that a substance follows to pass into the body, while drug delivery refers
to methods and devices that are used to transport a substance through the exact

administration route.

An important aspect of achieving the therapeutic goal is choosing the appropriate
administration route. It is therefore important to consider several factors before
administering a drug, including its own characteristics, the disease to be treated,
and the desired therapeutic duration [12]. Application locations usually deter-
mine the routes of administration. The most common administration routes are
through the Gastrointestinal system (oral and rectal), parenteral (injected), sublin-
gual, transnasal, pulmonary, and transdermal, yet there are a variety of ways to
deliver drugs through a particular route [16]. In the following sections, a selection

of the administration routes are discussed and reviewed.

1.3.1 Oral drug delivery

In terms of formulation and methodology, oral drug delivery is typically targeted on
the areas within the gastrointestinal tract (GIT) [17]. Among the various route of
administration, the oral route is the most preferred method for its easily digestion,
painlessness, versatility, noninvasive, cost-effective, and its compliance with patient
needs [18, 19]. Similarly to many other methods of drug delivery, oral administration
poses its own set of challenges. Mainly two types of obstacles to oral administration
are considered as: biological barriers and technological challenges. There are various

types of biological barriers including, mucus, lumen, and tissue that can result in



the denaturing or non-absorption of drugs administered orally. The technical chal-
lenges are usually referred to as any obstacles that may be encountered during the

production process of the oral delivery device.

In comparison with other administration routes, oral medications are more com-
plicated in terms of absorption. In order for the oral drugs to be absorbed in the
stomach, small intestine, or colon, they must be soluble in gastric fluid. Considering
the slow absorption of oral drugs and the multiple barriers they must overcome, oral
medication is not suitable for emergency situations [20, 21]. In addition, some drugs
can be degraded before they get to the target region of absorption inside the blood-
stream due to the high level of acidity and presence of digestive enzymes in the GIT.
Moreover, low pH level in the digestive tract can cause many drugs to become insol-
uble. During the process of entering the bloodstream, the drug may be inactivated
in the liver, where this could also be considered as a drawback. Other disadvantages
could be referred to the release of the drugs not being controlled well (delivery sites
are non-specific and side effects are not managed), macro-molecular absorption is
low, and some drugs might irritate the mucous lining of the GIT causing side-effects.
Up to this day still, researchers are exploring methods to include diverse technologies

into oral medication compositions for better efficiency [12, 17, 22].

1.3.2 Parenteral drug delivery

Among the various ways in which the pharmaceutical substances can be adminis-
tered to patients, parenteral administration is considered to be the most effective. In
medical terminology, parenteral is composed of the words "para" and "enteron"'. By
definition, this refers to the administration of drugs into the body by routes other
than the GIT, but in practice, it refers to injecting substances subcutaneously, intra-
muscularly, and intravenously [23]. Also, many important and essential medications
that are available on the medical market, can only be administered to the patient

through this route, whereas other routes will not be as effective.

There are a number of advantages to parenteral administration, such as, the deliv-
ery action is initiated rapidly, it’s highly predictable and mostly bioavailable, the
prevention of GIT problems associated with oral drug administration, and it offers a
reliable route for administrating drugs for patients with severe illnesses, who cannot

ingest anything orally [8, 12, 17].

While parenteral medications offer many advantages, they are generally more ex-



pensive and complex than conventional formulations. During the preparation and
administration of parenteral formulations, it is necessary to have specialized equip-
ment, devices, and techniques [24]. Parenteral administration has many additional

disadvantages such as [12, 25]:

e The pain involved with injection makes it unsuitable for delivery, where patient

compliance is also an issue.

o A protein product that requires sustained levels of delivery will be troublesome

when delivered by injection.
e The subcutaneous deposit makes it difficult to control the absorption rate.

o Tissue damage can occur when changing the injection site regularly to prevent

unabsorbed drug accumulations.
o Possible needle injury
o Generates bio-hazard medical waste
o Specialized staff is required for injections

As a result of improvements in formulation technologies, parenteral drug delivery
has made significant progress in the area of providing a predictable and targeted

release of the drug.

1.3.3 Transdermal drug delivery

As opposed to oral, parenteral, and other routes of administeration, transdermal
drug delivery (TDD) involves the administration of drugs through the skin for ther-
apeutic purposes. Throughout history, placing compounds on the skin was very
common for therapeutic treatments. In the present day, a variety of topical sub-
stances have been produced for the treatment of regional therapeutic disorders. In
1979, a three-day patch for the delivery of scopolamine to treat motion sickness
was the first FDA-approved transdermal system for systemic delivery [26]. A few
years later, TDD became more popular among the public, after nicotine patches
were introduced as the earliest topical blockbuster. In the present day, transdermal

patches are estimated to be manufactured in over a billion patches in a year [26].

Due to several advantages over other routes of drug administration, transdermal

drug delivery has gained significant interest among researchers over the last few



decades. The use of first generation transdermal delivery systems such as ointments,
creams, gels, and passive patches for the delivery of microparticle, lipid-soluble, low-
dose substances has evolved to increase progressively. Clinical products have also
been developed using delivery systems from the second generation, including non-
cavitational ultrasound, chemical enhancers, and iontophoresis. By utilizing mi-
croneedles, thermal ablation, microdermabrasion, electroporation, and cavitational
ultrasound, the third generation delivery systems target the stratum corneum of the
skin as a barrier for their efficacy. It is therefor necessary that the physiological,
biophysical, and morphological properties of the skin should be considered to deliver

therapeutic agents through the skin for systemic effects[27].
The advantages of TDD over other administration routes are as follows [28]:
o Prevents the GIT where the medication might get absorbed.

o It prevents bioactive drug molecules from being transformed into inactivated

or side-effect-causing drugs, known as the first pass effect.
o Ensures a constant plasma level
e Non-invasive and it is simple to use

o After removal of the patch from the skin, drug input can be stopped at any

time.
o Non-expensive and improves patient compliance
o Enhances bio-availability
o The most suitable route for pediatric users.
« Appropriate route for unconscious and nauseous patients.
o There is a lower risk of overdose and the drug can be detected more easily.

The biggest problem encountered in transdermal drug applications is the limitation
in the passage of the active substance (active molecules) through the epidermis bar-
rier. Unless physical or chemical penetration is increased, the stratum corneum (SC)
does not allow the passage of molecules larger than 500 Da [29]. To overcome this,
strategies such as sonophoresis [30], fractional photothermolysis [31], thermophore-
sis [32], iontophoresis [33], magnetophoresis [34], electroporation [35] have been pre-
sented [26]. However, these methods have not been able to become widespread
due to the costs and application difficulties encountered in clinical settings. This

situation brings significant limitations to transdermal treatments and prevents the



topical application of many bioactive agents. In addition, skin irritation side effects

are a very common problem in topical applications of this type [26].

To gain a deeper insight and better overview of the skin barriers function, the

following section provides a brief overview of its anatomy and structure.

The skin barrier: A large portion of the human body is covered by skin [36].
Physicochemical limitations imposed by the skin limit the type of substances that
are able to pass under. Furthermore, its multifunctional capabilities, the skin acts as
a protective layer to prevent both the entry of external compounds and the egress of
natural substances i.e. bodily fluids. The skin’s multilayered structure is responsible
for this barrier function (Fig. 1.1) [37].

Stratum
corneum

Stratum
lucidum

Stratum Epidermis
granulosum
Stratum
spinosum
Stratum
basale
Dermis
Papillay layer
Reticular layer
Sensory
nerve fiber =
Hypodermis
Artery _

Vein

Figure 1.1: Multilayered human skin schematic [1]

The skin consists of multiple layers [38]:

e Stratum corneum: The uppermost layer where its thickness varies around
10-20 pm. Several levels of flattened corneocytes (dead cells consisting of a
strong protein-lipid membrane) make up the stratum corneum of the human

body, providing it the barrier properties.

e Dermis: This consists primarily of connective tissues, which regulate oxygen,

body temperature, nutrients for the skin, and remove toxic substances from
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the body. The thickness varies between is 2-5 mm.

« Hypodermis: In transdermal drug delivery, the hypodermis plays an im-
portant role. As well as holding fat tissues, it also serves as a supporting
membrane for the epidermis and dermis of the skin. In order for the drug
to be delivered to the systemic circulation, it must absorb through all three

layers.

A state of the art technology called, microneedle (MN) drug delivery was developed
in order to address the stated TDD limits and drawbacks. As a result of various re-
search studies, it has been demonstrated that the technology is effective at delivering
not just larger molecules, but also micro-molecules, cosmetics, and nano-particles
[2]. In a painless and minimally invasive manner, the efficiency of drug delivery by
the transdermal route could improve considerably, along with providing a broader

variety of substances that are to be delivered [39].

1.4 Microneedle Arrays (MNAs)

Recent studies have suggested that micro-scale needles could be utilized to increase
the skins permeability. During the application of these minimally-invasive patches,
the outer skin barrier is temporarily disrupted, thereby forming small pores that
penetrate the stratum corneum and the upper region of the dermis. Although mi-
croneedles was initially introduced in the 1970s, it was not only until a decade ago
that the required technology for the production of micro-needles became widely
accessible. By combining the advantages of parenteral injections and transdermal

patches, MNAs provide a minimally-invasive route of drug delivery to the skin [40].

The height of microneedles is generally a couple of hundreds of micrometers, their
width ranges from 50-400 pum and tip radius of 1-50 um. Because of their small size,
the needles do not contact the sensory nerve endings. Figure 1.2 illustrates how
microneedles differ from conventional approaches such as hypodermic needles. It
can also be seen that the microneedles do not reach the nerve fibers which cause the
feeling of pain. Thus, they reduce the stimulation of nerves and therefore prevent the
feeling of pain from being triggered unlike parenteral injections [41, 42]. Additionally,
a variety of advantages of microneedles over hypodermic injections are reported in
existing literature, including: a minimum risk of skin injury (e.g. microneedles do
not introduce pathogens to the body nor provide bleeding), ease of application, and

the ability for self administration to name a few [40, 43].
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Figure 1.2: An illustration of an MNA patch piercing the skin in comparison to
a conventional hypodermic needle. The MNAs penetrate the stratum corneum,
allowing drugs to enter the epidermis and dermis layers without damaging nerve
fibers or blood vessels [2]

Microneedles can be classified into four main groups based on their different princi-
ples and methods of penetration [44]:

« Poke and patch: Before applying the transdermal patch, solid nonbiodegrad-

able microneedles are used to create microchannels.

o Coat and poke: Microneedles are coated with drug molecules and then

inserted into the skin for drug release.

e« Poke and flow: Pressure-driven convection is used to deliver liquid sub-

stances to capillaries in the skin through hollow microneedles.

o Poke and release: Microneedle structure made from biodegradable polymers

with bioactive cargo, which dissolves or degrades when inserted.

1.4.1 Types, materials and geometries of MNAs

Various MNA have been designed and engineered with different geometries and ma-

terials for obtaining an effective transdermal drug delivery (see Fig. 1.3). Apart



from the common geometries such as the pyramidal and conical shape, several other
geometries have been manufactured such as the circle, square, and negative bevel
obelisk, under-cut, bio-inspired (e.g. snake fanged and honey-bee stinger) and many
more [45-49]. Different factors such as mechanical feasibility, fabrication and skin in-
sertion capabilities, drug dosage capacity, initiating pain, effectiveness and methods

of delivery, have major impacts on the MNA designs.

@ | } ()
o

(b)‘ m M

(c) A H (9)

(d) ‘ : (h)

Figure 1.3: Design and shapes of different microneedles such as (a) pyramidal, (b)
square obelisk, (c) conical, (d) stair-stepping, (e) arrow-head, (f) beveled cylinder,
(g) under-cut obelisk, (h) turret. [3]

There are four main types of microneedles as seen in Fig. 1.4.

« Solid MNAs: Solid microneedles without biocargo are one of the first types
and are considered as a pre-treatment of the skin, since they create micron-
scaled cavities by inserting and removing them. This process involves a 'poke
and patch’ method, in which microchannels are formed. As a result of these
microchannels, topical drugs or transdermal patches containing biocargos can
diffuse directly into dermal tissue, enhancing their permeability [44, 50, 51].
Due to the early availability of micro-fabrication processes, solid MNAs were
initially made of silicon, however, they have also been created from ceramics,
various metals and polymers. However, recent advancements in biomaterials

science and engineering as well as certain concerns regarding the effectiveness
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Figure 1.4: Different MNA types for intradermal drug delivery [2]

of drug delivery, application complexities, and the requirement to prepare
topical drug formulations with different compounds, have been a motivation
for developing other types of MNAs [44, 51-53].

o Coated MNAs: Microneedles that work on the coat and poke principle are
coated microneedles. These biocargo coated microneedles are fabricated by

a solid microneedle, as stated above, along with a coat of drug formulations.
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Numerous coating methods have been presented in literature. In addition
to solid MNAs, coated MNAs have also been manufactured using the same
materials. By using coating formulations containing, solvents, thickening, and
stabilizing agents enable an efficient and reproducible micro array coating,
fast skin absorption, and durable products. Carboxymethylcellulose (CMC),
polyethylene glycol (PEG), poloxamer Lutrol F68, and trehalose have been

used for coating formulations [50, 54].

Coated MNAs face certain challenges, such as limitations for accurate drug
dosage, decreased skin permeability due to the drug coating which cause the
reduction of tip sharpness, complex drug formulations, and may cause trans-
mitting diseases through generated bio-hazardous waste when disposal. More-
over the risk of non-dissolving microneedles breaking inside the skin during
insertion, continues to be the main concern. The stated challenges have moti-
vated researchers to develop new types of MNAs with much more advantages
[53].

Hollow MNAs: Hollow MNASs use the ‘poke and flow’ method. They are ba-
sically a miniaturized model of a hypodermic needle. Through microchannels
created by microarrays across the skin layer, drugs are delivered with pressure-
driven flows of liquid formulations. Due to their structure and fragility, hollow
MNAs are complicated to manufacture [50, 51, 55]. Compared to other types
of MNAs, hollow MNAs enable constant drug delivery and can release high
dosages of biocargo. In addition, delivering liquid drug solutions is one of
their advantages without requiring any dry biocargo compositions. With the
reduction in the drug volume, the solution still has to be strictly considered
to gain efficient drug delivery to the skin. Various materials are used in the
fabrication of the hollow MNAs with a variety of features including silicon,

different polymers and metals, and even glass [55, 56].

Hollow MNAs face a series of limitations such as complex manufacturing pro-
cedures due to their complicated designs, high cost of fabrication, possible
leakage of drugs, needle breakage due to fragile structure and the potential of
cloggage of the microchannels within the needles. With the mentioned chal-
lenges, special considerations must be taken into account when designing and
fabricating these types of MNAs [53].

Dissolving MINAs: Poke and release is the principle behind dissolving mi-
croneedles. In recent years, they have gained immense attention due to their

ease of manufacture and use in comparison to other types of MNAs [2, 57].
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A biocompatible polymer is used for their fabrication. After application
to the skin, these MNAs containing biocargo release the drug compounds
into the skin’s microenvironment via a rapid dissolution or a slow degrada-
tion of the polymers. Various polymers including polylacticcoglycolic acid
(PLGA), polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), PGA, PLA,
CMC, sodium dextran, maltose, chitosan, and silk have been used for fabri-
cating dissolving MNAs [51, 58, 59]. In addition to drug release, these poly-
mers affect the fabrication process, mechanical strength and insertion stability,

bioavailability, skin absorption, and durability of the MNAs.

In contrast to the other types of MNAs, dissolving MNAs do not generate bio-
hazardous wastes due to their ability to degrade in the skin environment, thus
the risk of transmitting diseases can be prevented. Many other advantages
can be pointed out to their non-expensive and simplicity in manufacturing,
ease of application and storing, patient compliance, and drug delivery can be
controlled well. These benefits enables a suitable option for skin-targeted drug
delivery [50, 51, 53].

In addition to the many benefits of the MNAs, several factors should be taken
into account for enhancing the performance of the MNAs. Therefore, to achieve the
desired performance, theoretical modeling, simulations, and optimization techniques
must be developed. These will be beneficial for the reduction of both expenses
and time costs of the fabrication process. The following section provides a better

perspective on simulation and optimization strategies.

1.4.2 Optimization methods

Simulations for modelling MNAs is a field of expanding research and investigation.
Although it can be realized that many of the researches have been focusing on
the area of manufacturing methods and experimental aspects, the simulations and
modeling approaches have been mostly neglected. Simulations could help predict the
performance of the MN feasibility to guide the research efforts toward critical aspects
of their development [60]. A series of MNAs have been numerically modelled for
enhanced drug delivery, based on variations in morphology, materials, and designs
[61, 62]. The initial numerical simulations of MNAs report back to 1999 when

researchers modelled the extraction rate of fluids for hollow MNAs [63].

Among the primary objectives of MN simulations is to specify the design variables
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necessary to achieve optimal MN performance. The depth of penetration and rate of
drug release are the general outcomes of such modelling approaches. Both skin and
MN parameters are related to these outputs [64]. Factors such as material composi-
tions and geometrical parameters including the shape of the needle, height, width,
tip radius, and density have major effects on the MNAs performance [65]. More-
over, studies show that these factors are also effective for modelling the permeability
enhancement of the skin [66-68].

For penetration simulations, the MN and the skins’ characteristics such as Posions
ratio, Yield stress, Young’s modulus and other mechanical properties must be taken
into account for the model setup [69]. Typically, commercial finite element software
including COMSOL, ANSYS, Preview and Abaqus are used for modeling [70-72].
A series of investigations have been conducted to characterize the behavior of MNs,
including developing FEM simulations to analyze the required penetration force [73],
demonstrating the generated maximum stress occurring at the tip of the MN [74],
the effects of the MN dimensions and mechanical properties of the skin to model the
failure and deformation of the MN [75], analysis of different sets of forces during MN
(conical shaped MN) penetrating the skin [73], and predicting human skin behaviour
[70].

Compared to solid MNs, the dissolving MNs composed of polymers are quite flexible.
Therefore, it is essential to consider the mechanical properties of dissolving MNAs

to optimize its structure for the force/pressure it can endure.

1.4.3 Fabrication methods

Microneedle arrays with optimal MN designs need to be constructed in a simple, non-
expensive, and reproducible manner in order to become widely used [76]. A variety
of techniques have been described in literature for fabricating and manufacturing
MNASs. In general these methods are classified into two main groups including direct

fabrication and mold based techniques.

Several methods of 3D printing technologies have been utilized for fabricating the
MNAs directly or to produce the MNAs by micro-molding [77]. Stereolithography
(SLA) is a popular method of 3D-printing which has been utilized for the cost-
effective fabrication of MNAs without the need for clean room facilities. Studies
show that this technique has been used for the production of master molds, and

also the fabrication of solid or hollow MNAs with biocargos for drug delivery [78].
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An additional method to 3D printing fabrication of MNAs, is the fused deposition
modeling (FDM) method. This technique is used for directly fabricating MNAs
composed of PLA along with the etching technique to enhance resolution [79]. Fur-
thermore, 3D printing methods based on photopolymerization have been developed
including digital light processing (DLP) and continuous liquid interface production
(CLIP) techniques, with the capability to manufacture complicated structures with
better quality in comparison to SLA and FDM. A layer by layer approach is em-
ployed for DLP method, and studies show it is used to fabricate complex MNAs and
to increase mechanical feasibility. CLIP on the other hand, manufactures a part
continuously, which has been stated to rapidly manufacture different geometries,

dimensions, and inter-spacing of MNAs with various materials [80].

Alternative fabrication methods of MNAs can be referred to as, hot embossing, re-
active ion-etching, wet chemical etching, injection molding, two-photon polymeriza-
tion, and drawing lithography [81]. For the case of micro-molding method, initially a
master mold is manufactured using micro-milling. Then after replica or production
molds are fabricated when a polymer solution (e.g. polydimethylsiloxane-PDMS), is
poured on to the master mold and cured by heating, cooling or UV light. Ultimately,
biodegradable polymers are poured into the replicas and MNAs are fabricated.

1.4.4 Applications

There has been considerable progress made in the field of treating diseases, admin-
istering immunobiological therapies, diagnosing diseases, and using microneedles for
cosmetic purposes [82]. It is possible to diagnose diseases with MNAs, for instance
hollow microneedles are able to pierce the skin and extract the tissue fluids with
vacuuming or capillary force. Studies have been done for diagnosing diseases such
as cancer, diabetes, cardio-vascular diseases, thrombosis and atherosclerosis [83].
For cosmetic purposes MNAs are either used to increase skin permeability by gener-
ating microchannels, or they are used to accelerate the natural recovery of damaged
skin tissue [84]. It has been demonstrated that MNAs are a reliable tool for ad-
ministering immunobiological therapies such as vaccines, where they are superior
to conventional methods of vaccination. Malaria, HIV, Diphtheria, influenza virus
vaccines are studied with microneedles [50]. A number of research has also been
done on the treatment of specific diseases with the use of MNAs, including can-
cer therapy, diabetes, obesity, Alzheimer’s disease, neuropathic pain, and neonatal

infections [82]. The following section defines an articular cartilage disorder, where
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MNAS can be used for treatment.
Treatment of Osteoarthritis

Articular cartilage is a connective tissue in the joints that is non-vascularized and
has a low cellular density. Injury, natural wear or tear of this issue are common
causes of health problems [85]. Among these, Osteoarthritis (OA) is one of the
most rampant articular cartilage disorder, impacting many individuals globally as
the major cause of disability [86]. The cartilage tissue cannot be completely healed
and repaired, due to its avascular nature that does not include mononuclear cells.

There are many treatment methods for OA including:

o Non-surgical: Mechanics of the joint, changing the axis, Management of the
body mass index, skeletal muscle strength, increasing exercises, Corticosteroid,

and analgesic and anti-inflammatory.

o Course shifting of the disease: Use of glucosaminoglycan (GAG) and
chondroitin sulfate (CS) supplementation, and intra-articular administration
of hyaluronic acid (HA).

o Cellular: Platelet-rich plasma, platelet-rich growth factor, stromal vascular

fraction, stem cells, and extracellular vesicles.

o Surgical: Mosaicplasty, Allograft, Autologouse chondrocyte implantation,

high tibial osteotomy, partial or total joint replacement surgery.

The goal of OA therapy is to keep the joint’s structure and functioning maintained,
minimize inflammation and fibrosis, and avoid cartilage loss. The commonly used
Anti-inflammatory medications, temporarily reduces OA symptoms while causing
several side effects [87]. Medical support treatments have aimed for replacing dam-
aged cartilage matrix components with bioactive materials such as GAG, CS, and
HA [88]. These biocomponents are mostly injected into the joint with a hypodermic
needle, resulting in changes in muscle strength, balance and gait pattern as well as
reducing pain. Moreover, such injections may cause abrasion on the skin, and have
undesirable side effects occurring with continuous use. Another disadvantage is the
need for the injection to be performed in the presence of an expert in an invasive

procedure that requires sterile hospital conditions.

The stated limitations reveal the need to administer GAG, CS, and HA alone or in
combination, at much lower doses, with an approach that will provide a long-acting
and keeping the plasma level constant. The use of intradermal MNAs may be ad-

vantageous in reducing or instantly eliminating possible side effects and toxicity and
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increasing the patients’ compliance with the drug administration. It is considered

that the current work addresses the development of MNAs as a treatment for OA

disease for the first time.

1.5 Hypothesis and Objectives

Our hypothesis in this study is that microneedle arrays are capable of delivering
GAG, CS, and HA locally into the skin for the treatment of OA. Therefore, to prove

this statement, a set of goals have been set:

o Geometry of the needles needs to be optimized to achieve painless insertion

1.6

and reduce structural failures of microneedle arrays. The optimized geometry

is selected to be an obelisk geometry due to its ease of manufacture.

A simple, fast, and low-cost fabrication method based on mechanical microma-
chining and micro-molding needs to be implemented. In this step, tip loaded
MNAs are fabricated and scanning electron microscopic images are taken for

the geometry characterization.

In-vitro tests including penetration, dissolvability, drug dosage, cell viability

and wound healing need to be performed to demonstrate the fabricated MNAs.

Thesis Outline

A detailed discussion of the optimization study, as well as the step by step
fabrication process for the master mold, production mold, and microneedle
array patches, is presented in Chapter 2. This chapter also illustrates the

characterization of the master molds and microneedle array patches.

Chapter 3 represents all of the in-vitro tests which were carried out in demon-

strating the manufactured microneedle array patches performance.

Ultimately, conclusions are stated in Chapter 4 along with recommendations

for future work to be carried out.
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Chapter 2

Optimization and Fabrication of Dissolving

Microneedle arrays

2.1 Optimization study

As mentioned in the previous chapter, MNAs are a rapidly developing technology for
user-friendly and minimally invasive drug delivery and medical applications. Simple,
low-cost, and reproducible fabrication of MNAs with optimal microneedle geometry
designs is crucial for their widespread adoption. The following sections provide an

optimization study and the MNA fabrication process.

2.1.1 Microneedle model

Since the MNAs are intended to deliver bioactive cargo into the skin, the microneedle
geometry should be able to easily pierce the stratum corneum [46]. To achieve
this, the tip of the microneedle must be sufficiently sharp. A blunt tip is more
likely to require a greater amount of force to pierce the upper layer of the skin
when compared to a sharper tip [89]. It is also necessary to adjust the microneedle
length according to the target location of the biocargo substance to be delivered.
Moreover, the thickness must also be taken into account, whereas a thin microneedle
is prone to breaking easily and will also have a smaller volume for containing drugs
in comparison to a thicker microneedle. Therefore, the design of the MNAs and its
master mold is of great importance to overcome the breakage problem and to deliver

the bioactive substance to the target area without any issues.

It is essential to consider the capability of the manufacturing method when designing
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microneedles geometry. For example, pyramid or conical microneedle structures can
be fabricated by lithography, which is one of the most common used production
methods in the literature [74]. While it is considered to fabricate the master molds
with micro-milling technique, as an alternative, it is stated that an obelisk geometry
is more suitable in terms of manufacturing, piercing the upper layer of the skin
and carrying the drug [90]. With the obelisk geometry, the stem length can be
easily adjusted according to the target region and more biocargo substances can be
contained. Therefore, for each bio cargo substance to be transported, the size of
the MNA (total amount of microneedle on a patch and the distance between each
microneedle), the thickness, length and the tip radius of the microneedle geometry,

must be determined separately.

When designing the MNAs, it is possible to consider a single microneedle as the
basis for modelling purposes, since the results will be a representation of all the
arrays available on the patch. In the design of the square obelisk geometry of
microneedles, the main geometry parameters are the height, width, and the apex
angle. Additionally, a fillet has been added to the bottom edge of the stem, which
is proven to enhance the structural properties of the microneedle [46]. As shown in
Fig. 2.1, the total height is indicated as h;, and divided into sections specified as hg
for the height of the stem and hj, for the height of the pyramidal tip. The angle of
the apex is defined as «a, r denotes the radius of the fillet at the base of the stem, and
w indicates the width of the microneedle. In the optimization analysis, all of these
geometric parameters are used either as design parameters or constraints. It is also
important to note that the total height (hs+ hy) of the microneedle is considered
constant as 700 pm, since the MNAs are targeted to deliver the drug to a specific
region in the skin. However, stem height (h,) and the pyramidal tip (h,) can be

adjusted accordingly to obtain an optimal geometry.

During the penetration of the microneedle to the skin, it is subjected to vertical
and/or lateral forces. Theoretically, only vertical forces are expected to develop
during insertion, but lateral forces are also generated due to the uneven skin surface
and/or failure to properly align the microneedle patch with the skin surface. This
may cause failure to occur due to bucking (by vertical forces) and bending (by
lateral forces) in the microneedle structure. Thus, it may be possible for the needles
to break without even piercing the skins uppermost layer. To address this, the
geometry of the microneedle as well as the properties of the material should be
designed appropriately. This design process of microneedle geometry is performed
based on finite element (FE) analysis. For this purpose, COMSOL Multiphysics
FE software is implemented. To construct the FEM, tetrahedral and hexahedral
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Figure 2.1: Micro-needle array and micro-needle geometry schematic.

elements are used and linear elastic material properties are applied.

The optimal outcome also depends on the material property of the needles. A
bio-compatible and biodegradable polymer which is obtained from a combination
of PVP and PEG 400 is used for the fabrication of MNAs. The polymers were
selected based on their suitability for the chosen production method. PVP is a
water-soluble, cross-linked, bio-compatible polymer that is FDA-approved for drug
delivery applications [91]. On the other hand, the rigid and brittle nature of PVP
makes its stiffness less suitable for microneedle material when used alone, and
it has been reported in the literature that it breaks when piercing the skin [92].
To reduce the brittleness of PVP, it needs to be plasticized with low molecular
weight PEG (such as PEG400, PEG1000 and PEG8000). Likewise, PEG is another
water-soluble, bio-compatible and FDA-approved polymer [93]. PVP and PEG
were mixed in different ratios and the polymer was prepared by adding PEG at the
ratio of 0.0048 %w/w. Ethyl alcohol was used as a solvent due to its easy solubility.
Based on the performed mechanical tests, the mechanical properties of the polymer

are given in Table 2.1. Moreover, the yield stress of the polymer is approximately
62 MPa.

For the first stage, an FE model was created based on the specified parameters and
material properties to determine the microneedle geometry. Figure 2.2 shows the
generated FEM. For determining a sufficient number of elements for the analysis, a

convergence study was performed (see Fig. 2.3).
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Table 2.1: PVP/PEG polymer material properties.

Material property PVP/PEG Polymer
Young’s Modulus, £, [GPa] 1

Density, p [kg/m?] 1600

Poisson’s ratio, v 0.3

Figure 2.2: Micro-needle finite element model.

Mech Convergence
2.50E+01
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1.50E+01
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323 1139 2232 2890 3239 7476
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Figure 2.3: Mesh convergence results

During the development of the model, the boundary conditions were set up so that

the bottom base (backing layer) of the microneedle was fixed in all directions while
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only a force was inserted to the pyramidal tip region. The force during insertion
was taken as 20 mN according to literature studies and applied to one third of the
pyramid length [94]. To prevent the microneedle from breaking, the force was applied
horizontal as the worst-case scenario. In order to find the appropriate geometry of
the microneedle, an optimization study was carried out which the following section

provides a detailed explanation of this concept.

2.1.2 Optimization Problem

The concept behind an optimization problem is basically the process to maximize
or minimize a function with respect to a set of options, which is typically a range
of possibilities obtainable in a given situation. Using the function, it is possible to
compare the different alternatives to determine which option might be "the most
optimal". In general, there are three basic components of an optimization problem.
The first element consists of an objective function for which a maximum or minimum
should be achieved. The second component is a set of design variables that could
be modified to achieve an optimal objective. The third component is a collection of
constraints, which are limitations on the design variables where the possibilities can

range.

When designing a microneedle, the key factor of a suitable structure is considering
the mechanical feasibility as well as having proper dimensions for its ease in pen-
etration. To prevent breakage and deformation of the microneedle, the maximum
stress, usually the Von-Mises stress, must be below the yield stress of the material.
Secondly, for having a smooth and pain-free penetration into the skin, the width
of the microneedle must be adjusted accordingly. In spite of the fact that a small
structure penetrates the skin, micro-sized pores appear within the skin and their size
directly correlates with the thickness of the microneedle. Therefor, the width of the
MN (w) and the Von-Mises stress are selected as the design objectives, where the
former is necessary to decrease the insertion area; and the latter is critical to enable
failure-free insertion of the needles. Since we have two objective functions in total,
a multi-objective optimization needs to be taken into account. Note that the total
height of the microneedle is constant, thus the height of the stem (hs) and pyramidal
tip (hp) can only vary within a certain range. Also, the apex angle («) and the fillet
radius (r) should be considered since the alteration of the apex angle will effect the
penetration force and the width of the microneedle accordingly, while the fillet will

impact the mechanical feasibility of the microneedle. These geometry parameters
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are defined as the design variables, and their ranges of variation are considered as

the constraints of the optimization problem which are reported in Table 2.2.

Table 2.2: Defined ranges for the geometry parameters of a MN.

Parameter Lower bound Upper bound
w 100 pm 350 pm

o 15° 45°

hy 100 pm 350 pm
hs 350 pum 600 pm

r 5 pm 50 pm

A generalized formulation of the multi-objective problem is presented as follows.

minimize fi(x) =0, fao(z) =w (2.1)
find x={hp, r, a}
subject to 15 < a<45

100 < hy, < 350
5<r <50
100 < w < 350
hs > 350
hy + hyy = 700

where o is the Von Mises stress, f’s, and x denote the objective functions and design

variables, respectively.

2.1.3 Multi-objective Optimization Algorithm

Conflicts between objectives can cause difficulties in solving the multi-objective
problem. That is, improving one goal can simultaneously decrease the other. In
literature, numerous methods for multi-objective optimization have been presented.
These methods can be grouped as Random methods and Non-random methods. Due
to their highly efficient computational capability, random search methods such as
genetic algorithm and particle swarm optimization have become popular among oth-
ers [95]. Since, Eq. (2.1) defines a multi-objective optimization, a genetic algorithm

is used to obtain the optimal dimensions for the microneedle. This algorithm uses a
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version of non-dominated sorting genetic algorithm (NSGA-II) to create the Pareto
optimal solutions [96]. Although multi-objective algorithms based on non-dominated
sorting face various difficulties and obstacles such as complicated computations and
the necessity for denoting a shared parameter, the NSGA-II, successfully deals with
all the mentioned difficulties [96]. The NSGA-II is a fast and elite form of the ge-
netic algorithm which is capable of finding a considerably improved expansion of

solutions and enhanced convergence near the Pareto-optimal front.

Before, going through the algorithm steps, it is best to know the basics and defini-

tions which are provided below [97]:

e« Domination: When both condition 1 and 2 of the following are true about

a decision variable x1, it is said that solution x; dominates solution xs:

Condition 1: For all objectives, x; should not be worse than xs

Condition 2: At least one objective of x; is superior to x2

« Pareto-optimal: The pareto-optimal decision variable/objective function is
one in which there are no other decision variable/objective function that dom-

inate it in any way.

o Pareto-optimal set: Consists of a non-dominating decision variable set

(Pareto-optimal) of the whole feasible search space.

o Pareto-optimal front: Consists of a non-dominating objective function set

(Pareto-optimal) of the whole feasible search space

» Crossover/recombination: The crossover operator is used for creating new
offspring by combining the genetics of two parents. This operator arbitrarily
picks one point among two arbitrarily chosen parents and separates them and

swaps them to create new individuals.

e Mutation: The mutation operators are used to provide diversity in simu-
lated populations. As a method of avoiding local minima, mutation operators

prevent individual populations from resembling one another.

o Crowding distance: A value that determines the size and density of the
largest cuboid surrounding any point without taking into account any addi-

tional points in the population.

e Crowded Comparison: If and only if the decision variable x; has the largest

crowded distance, then it dominates all the members of the Pareto-optimal set.

To obtain the Pareto-optimal set as well as the Pareto-optimal front with using
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NSGA-II, the algorithm goes through several steps as provided below [97]:

Step 1: First, a random parent population, Fy , is generated and its size is assumed

to be ny.

Step 2: Then, dominance analysis is performed with each individual across the
population. The number of individuals m;, (which dominates each individ-
ual 7) along with a collection of individuals, S; (that are dominated by the
individual 7), are computed. All of the individuals from Py with m; =0 are

considered as the first front, Fj.

Step 3: Then, a subtraction of one is made to the m; value of each individual from
Fy which is linked to the jlth] individual and S;. When m; of each j individual

is zero, another list denoted by H is created.

Step 4: After all members of F; are verified, the remaining members of list Fj are

arranged to be members of the first front.

Step 5: When the algorithm is repeated for the entire population, each individual

is assigned a fitness value based on its level of non-dominance.

Step 6: Following the start of the procedure, Cy is generated as a population of

children with the size n. using crossover and mutation operators.

Step 7: Then, after selecting individuals arbitrarily, two new individuals (x1 5,,%2 )

are created, each considered as a linear combination of parents as given below:

X1, =ax]+ (1 —a)x (2.2)
Xon =ox2+ (1 —a)xy

Here, « is an arbitrarily selected number between 0 and 1. For the mutation
step of the algorithm, the operator uses an arbitrary real value that randomly

changes the m" member of the chosen vector and creates a new member [98].

Step 8: Following the creation of the first generation, for the t** generation (¢ > 1),
the process changes to consist of combinations of populations (R; = P,UCy).
The R; population is organized based on the provided procedure. By adding
individuals from the first front until the number of members reaches n,, a new

population Py is formed.

Step 9: Ultimately, a crowded comparison operator is then used to arrange the

individuals from the final approved front.
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2.1.4 Optimized Geometry and NSGA-II Results

To obtain the optimal design variables including the height of the pyramidal tip, the
apex angle, and the fillet radius according to the optimization study, the crossover
and mutation probability are selected as 0.7, and 0.4, respectively. The population
size is set to be 200 and 20 generations have been searched. The optimization
algorithm is ran by linking MATLAB and COMSOL Multiphysics, simultaneously.
In Fig. 2.4 the results of the optimizations, including the non-optimal solutions
and Pareto-optimal front are shown. The objective functions are shown as the
width and safety factor calculated by the ratio of yield stress of the MNAs to the

maximum Von-Mises stress occur in the structure.
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Figure 2.4: Results of the optimizations, including the non-optimal solutions and
Pareto-optimal front.

Each point on the Pareto-optimal front relates to a specific set of design variables.
Figure 2.5 shows three selected Pareto-optimal decision vectors on the Pareto front.
Since, no weights are assigned to each objective function, the designer can select
the suitable design regarding the importance of the objectives from the given Pareto
optimal solutions. In accordance with the optimization study, a microneedle design
that can take sufficient amount of drug and will not break during piercing the skin,
with a safety factor of 8.8 and a width of 264 pum has been chosen. Table 2.3 lists
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the geometric features of the selected design.
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Figure 2.5: Pareto optimal solutions and corresponding three possible design pa-
rameter vectors.

Table 2.3: Selected parameters and microneedle dimensions.

Parameters Microneedle dimensions
Total height 700 um

Apex Angle 37 °

Width 264m

Fillet Radius 50pum

During the optimization analysis, static analysis is performed using COMSOL Mul-
tiphysics. For example, Figure 2.6 illustrates how stress is distributed within the
optimized microneedle. The values of the stress can be followed by the color bar next
to the figure. Its observed that the maximum stress is occurring at the root of the
microneedle stem where because of the sharp edges concentration of stress is taking
place. Therefore addition of the fillets with a radius r to reduce this concentration

of stress is necessary.

2.1.5 Effect of Force Angles
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Figure 2.6: Stress distribution of the optimized microneedle geometry.

During the insertion of MNAs into the skin, buckling and bending may occur as
a consequence of the force that is exerted on the microneedle from various angles.
In this section, the described multi-objective optimization is solved by NSGA-II.
The only difference is that the simulation is ran for comparing the buckling and
bending values at different angles of forces. The algorithm calculates the values of
the critical buckling factor and then compares it with the calculated bsafety factor
defined as the ratio of the yield stress to the maximum bending stress (Von-mises)
obtained by COMSOI. Then, the one that is critical, in other words the case that
cause the microneedle to fail first is found and the objective is to maximize that
value. The Pareto-optimal design for microneedles is similar to the previous one in
terms of the designer’s ability to choose microneedle dimensions, but this time the
designer is able to make a decision based upon both the force angle and the failure
criteria. Figure 2.7 shows the results of this analysis. In this figure Pareto-optimal
solutions for different force angles with a constant apex angle of 30°are shown. As
an example for the case of the force angle of 15°, two solutions are chosen and the

corresponding values of the decision variables are shown.
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Figure 2.7: Pareto optimal solutions for different angles of force and corresponding
possible design parameter vector.

2.2 Fabrication process

The fabrication process in this study employs the ‘mold-based technique’. There
are four main steps in fabricating MNAs with this technique. The first is to ini-
tially construct a CAD model where based on this, with the help of computer aided
production software, master molds are fabricated using micro-manufacturing tech-
niques. Afterwards, negative elastomer molds, also known as production molds, are
fabricated through (micro-)molding. Ultimately, final dissolvable MNAs are fabri-

cated from the production molds using the micro-casting technique.

2.2.1 Fabrication of Master Molds

There has been a considerable amount of research done in the literature regarding
the different production methods that have been used to fabricate master molds.

However, in recent years, methods with higher geometry capability, lower fabrication
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time and cost have emerged. The most important of these methods are micro

machining and additive manufacturing technologies.

To fabricate the MNA based on the optimized dimensions, micro-milling method was
used to produce the master molds due to its production speed, production cost and
the variety of materials and geometries that can be used for the fabrication. The
manufacturing process on these machines is similar to that of conventional mills;
however, during the machining process, cutting tools with a tip radius of 100-1000

pm are to mechanically remove chips.

The initial step of manufacturing the master molds, is to construct a CAD model. A
2 x 2 master mold model with the optimized dimensions and needle to needle spac-
ing of 700um, was designed in SOLIDWORKS as shown in Figure 2.8. Thenafter,
required production codes (G codes) are created by means of computer aided pro-
duction software (SolidWork-CAM) to carry out the production process on micro-
machine-tool (uMT). The surface roughness (R,) of the microneedle master molds
should be less than 200 nm so that the microneedle molds to be produced are of
high quality and the production molds, which are the next step, should be easily
separated from the master molds at the same time. Surface roughness and quality
in the micro-milling process depend on the forces generated between the cutting tool
and the workpiece during cutting, as shown in Fig. 2.9. These cutting forces also
depend on the speed of the cutting tool to be used, the feed rate of the cutting tool

on the workpiece, the depth of cut and the material being cut.

For this purpose, PMMA material is chosen for the production of master molds
due to its ease of fabrication [99]. The surface roughness of the base of the needle
is also measured for the produced master molds, and the R, value is obtained as
158. Figure 2.10 shows the finalized manufactured master mold. As a result of the
2 x 2 design pattern of the master mold, four production molds can be fabricated
simultaneously. There exists a 20 x 20 array of microneedles on a master mold, so
that a noticeable amount of drug can be added to each patch considering the total

volume of needles.

After the fabrication process, the master molds are cleaned using ultrasonic cleaning

bath for 45 minutes in 35°C, to remove any chip residues.

2.3 Characterization of Master Molds
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Figure 2.9: Production of master molds by micro milling.

The scanning electron microscopic (SEM) images illustrate an example of the man-
ufactured master molds as a result of the presented fabrication process (Fig. 2.11).
SEM-SE images of the microneedles were take the by using the Jeol JIB-4601F
FIB-SEM System. It is observed from the images that the needles, both in arrays
and individually, are obtained in their exact shapes and in the predicted sizes

without any structural deterioration in their geometry and morphology. Note that
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Figure 2.10: Fabricated master molds.

due to the tool-runout errors during the machining process, there is 5-8 % difference
between the targeted and the final master molds. However, in determining the
optimal dimensions from the Pareto-optimal set, we selected a conservative set

where the safety factor is approximately 8.

2.4 Fabrication of Production Molds

As micro-casting is the primary method for fabricating MNAs, the next step in
the process is to fabricate the production (female) molds. The material used in
the production molds is Polydimethylsiloxane (PDMS) which is purchased from
Sylgard®. PDMS, is a type of silicone which is from a group of organic polymer
materials. It is one of the commonly used silicon based materials, due to its unique
properties and characteristics that make it suitable for a wide range of applications
from contact lenses to various pharmaceutical devices [100]. The production molds

are fabricated by the following steps:

e The PDMS is mixed with the corresponding curing agent at a weight ratio of
10:1.
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Figure 2.11: Scanning electron microscopy images of the fabricated master molds
and their characterization.

o Ensure that the PDMS and curing agent are mixed thoroughly to avoid air
bubbles/microbubbles.

o To remove any air bubbles that may have been generated, place the mixture
under vacuum inside a desiccator for at least 10 minutes then break the vac-

uuln.

e Repeat the vacuuming cycle multiple times to eliminate or minimize the gen-

erated microbubbles.

e Once the bubble-free mixture is ready for molding, it is poured into the master

mold to form a layer of approximately 10mm

o The vacuuming cycle is repeated multiple times to eliminate or minimize the

generated microbubbles.
o Next, the master mold is placed in the oven and cured for 1 hour at 75°C.

o After the cured molds cool at room temperature, they are separated from the
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main mold with the help of scalpel and tweezers.

A step-by-step process of fabricating the production molds with the prepared PDMS

mixture is shown in Fig. 2.12 along with the fabricated production mold and its cross

section illustrated in Fig. 2.13.

Figure 2.12: Fabrication of microneedle production molds using PDMS material.

Figure 2.13: Fabricated production mold and cross section illustrating the micronee-
dle cavities.

2.5 Preparation of Hydrogel

By aiming to fabricate dissolving MNAs, the material set out to be utilized must
have specific properties and qualities. Taking into consideration that the material
will be applied to human skin, it should be (i) biodegradable; which means that the
material must be capable of dissolving under the skin of a human or living being,
and (ii) it should be biocompatible; meaning that the material should not have any

toxic or immunological response when exposed to the body.
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The cartilage is tissue which is mainly consisted of various components such as
GAGs, HA and CS, where they typically form the proteoglycans found in cartilage
when linked to protein chains. Combining GAG, CS, and HA can be used to engineer
cartilage tissue as substitutes for the extracellular matrix. On the contrary, they lack
good mechanical properties, as do most natural polymers. Water-soluble synthetic
polymers, such as PEGs, are usually used for creating bio-mimetic hydrogels with

enhanced mechanical characteristics [101].

Accordingly, polymers such as GAG, CS, HA, PVP and PEG 400 are used for
preparing the hydrogel solutions. The hydrogel solution is prepared with certain
ratios of the stated material. The ratios are calculated and measured with consid-
ering the dosage of each patch, volume of each needle and material properties of
each ingredient, such that the viscosity of the solution is suitable for casting. This
would allow the mixture to easily enter and fill the needle cavities of the production
molds. For the purpose of drug delivery, according to our specified application, the
hydrogel consuming bioactive materials are used for tip loading, where a certain
amount of Red Congo dye was added to the solution to monitor and trace the
regions of the bioactive substances in the needle. Table 2.4 shows the formula and
composition for different formulated patch types, with two main dosages, 1.2 mg

and 2 mg of bioactive material in each patch.

Table 2.4: Composition of MNAs containing 1.2 mg and 2 mg doses of bioactive
material

Formula. CAG HA CS PVP PEG 400 Water Cofid e
No.  (mg) (mg) (mg) (u) — (u)  (u) T CNE
1 1.2 - - 0.83 0.17 5.2 5.2
2 - 1.2 - 0.83 0.17 5.2 5.2
3 - - 1.2 0.83 0.17 5.2 5.2
4 06 06 - 08 017 5.2 5.2
5 ; 06 06 083  0.17 5.2 5.2
6 06 - 06 08 017 5.2 5.2
7 p ; - 083 017 4.7 47
8 ; p - 083 017 4.7 4.7
9 ; ; 2 083 017 4.7 47
10 1 1 - 083 017 47 47
11 - 1 1 08 017 4.7 47
12 1 - 1 0.83 0.17 4.7 4.7

Additionally, a separate hydrogel solution containing only PVP and PEG400 is used
for preparing a backing layer for the MNAs. By dissolving 2.06 g of PVP and 0.1 ¢
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of PEG 400 in 25 ml of Ethanol, the backing layer solution was prepared.

2.6 Fabrication of MNAs

When the micro-casting technique is carried out, in order for the hydrogel solution

to fill the needle cavities after being poured onto the production molds, a force must

be applied. Literature has presented many possible approaches, including the using

centrifuges with spin-casting technique, where the solution can easily enter the pores

[46]. As an alternative, vacuuming can also be used as an effective and fast way for

the solution to be drawn into the needle cavities. The vacuuming process is also

used to get rid of the trapped air microbubbles inside the solution.

The following steps are required for the fabrication of MNAs.

After preparing each group of hydrogel solution, they are put for stirring for

at least 24 hours so that a homogeneous solution can be obtained.

The solution consisting bioactive material is initially poured onto the produc-

tion molds for fabrication of tip-loaded MNs.
The production molds containing hydrogel solution are put under vacuuming.

The vacuuming cycle is repeated multiple times to ensure the solution has
filled the the needle cavities.

The production molds are left to dry for 24 hours inside an oven and since it
contains bioactive molecules the temperature must not exceed over 30deg in

order not to damage the bioactive substances.

Once the initial layer is completely dried, the backing layer solution is then

added as multiple layers with the same steps of vacuuming and drying.

Ultimately after the patches are dried, they ready to be taken out of the

production molds.

A step-by-step process of fabricating the MNA patches is shown in Fig. 2.14.

2.7 Characterization of MNAs
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Figure 2.14: Step-by-step fabrication process of MNAs.

The fabricated MNAs and their geometry dimensions are characterized using an
optical microscope. Figures 2.15 and 2.16 illustrates the final MNA patches. Images
indicate that the needles, either in arrays or individually, retain their exact geometry
and morphology without structural deterioration. It should be mentioned that due
to the shrinkage of the fabricated MNA, as a result of the drying process, there is
a 0.75-0.80 % difference between the master molds needle dimensions and the final
MNAs. In conclusion, micro-casting technique is an effective method for rapidly

producing MNAs in a variety of materials and geometries.
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Figure 2.15: Optical microscope images of the fabricated MNAs and their charac-
terization
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Figure 2.16: MNA patch and tiploaded with biocargo microneedles
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Chapter 3

In-Vitro Tests

Following the fabrication of MNAs which contain bioactive cargo with their optimal
geometry, a variety of in-vitro tests were performed to evaluate their performance

and abilities:
e Their mechanical feasibility in piercing the skin
o Dissolving time rate
e Determining dosage amount of each patch
o Ability of wound-healing
o Cell viability
» Cytotoxic effects of the bioactive cargos contained in each patch

Throughout the following sections, the methodology and details of each test that was
performed have been discussed, including the piercing, dissolution, HPLC, scratch

assay, proliferation and cytotoxicity tests.

3.1 Piercing test

Researchers have demonstrated that the skin has a hyperelastic behavior, and that
the elastic behavior is higher than when a light force is exerted [102]. Microneedle
geometry plays a crucial role in achieving efficient insertion into the skin. Therefore,
to test the ability of the manufactured and optimized MNs in penetrating the skin,
in-vitro piercing test is performed. To this end, an artificial gelatine-based skin
sample was prepared with a thickness of 0.13 mm, as a surrogate for representing

the human skin environment. The skin sample is fabricated following the study of
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Dabrowska et al. [103]. Due to the fact that using the artificial skin sample alone
does not accurately reflect the mechanical characteristics of human skin, a substitute
must be developed to be used in conjunction with the gelatine-based skin sample.
Therefore, in addition to the artificial skin sample, PDMS can be used as a suitable
elastic medium for mimicking the underneath supporting subcutaneous tissues of

the skin based on previous research [102].

To carry out the penetration test, microneedle patches are inserted into the skin
sample with the force of hand, which are stretched and supported by PDMS medium.
The result of penetration is observed investigated by microscopic images shown in
Fig. 3.1. It can be seen that the fabricated MNAs create micro-pores within the

skin and are able to successfully penetrate the skin sample without any defects and

breaking.

Figure 3.1: Microscopic images showing the in-vitro piercing test results: (a) mi-
croneedle array, and (b) pierced artificial skin.
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3.2 Dissolution Test

It is important to take into consideration when fabricating MNAs, the materials
used for production must have the ability of rapidly dissolving inside the human
skin environment. A dissolution study is carried out to estimate the time rate at
which the microneedles can dissolve in the skin and release their bioactive load. A

short dissolution time is considered best and more suitable for the applicability of
MNAs.

For this purpose, a soluble solution of Phosphate-Buffered Saline 10x (10xPBS) and
distilled water with a weight ratio of 1:9 is prepared to simulate skin as a solvent.
In this test, four groups of MNAs are examined, including formulas 1, 3 and 6 from
Table 2.4 and an additional control group with the composition of the backing layer
which only included PVP and PEG400. For dissolution analysis, by using a linear
actuator with micrometer advancement capacity, the fabricated MNAs are gently
immersed in the prepared PBS solution. The process is observed and monitored
with the help of an optical microscope in order to observe the dissolved portions of

the needle. The lab setup to carry out this test can be seen in Fig. 3.2.

The tests reveal that the MNs dissolved within 10 seconds after having contact with
the solution, and a noticeable decrease in size is observed in the needles. Figure
3.3 shows the MN geometries at 3.6, 5 and 10 seconds. The entire microneedle
geometry is also completely dissolved after 10 seconds of contact with the PBS
solvent. This indicates that a relatively short period of use is sufficient for the
dissolution of microneedles and to release the bioactive material in the skin. Instant
solubility is an important feature of this drug delivery system as it improves the

patients compliance and satisfactory level.

3.3 HPLC Method

As part of the design and fabrication process of the MNAs, the ability of the structure
to contain and release the appropriate level of bioactive substance for the purpose
of drug delivery is an important factor to take into account. To accomplish this, a
test was conducted to find the dosage amount and to determine whether the desired
concentration could be placed in each microneedle patch. This was accomplished by

using the high performance liquid chromatography (HPLC) method. HPLC is an an-
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Figure 3.2: Lab setup of the dissolution test

alytical method that is capable of quantifying, separating, and detecting impurities
in a substance, as well as drug degradation that may occur during its preparation or
storage. The development of this method is facilitated by understanding the chem-
istry of the active substance. Support was received from Nobel Pharmaceutical
Company for these analyses. Since these measurements work with very small doses,
unlike in literature, a new procedure was created by the company and measurements

were carried out. The test methodology is simply shown in Fig. 3.4.

For this test, seven different MNA samples containing bioactive materials (Formulas
1, 3,6, 7,9, and 12) and a control group (MNAs without bioactive material) in the
amounts specified in Table 2.4 were produced with two different amounts of dosage
(1.2 mg and 2 mg). In this procedure, samples were placed in a 100m! measuring
flask and dissolved in 20ml of diluent. It was sonicated for approximately 10 minutes
and then the volume was made up with diluent. In the last step, the solution was
filtered through a 0.45 ym PTFE filter.

In Table 3.1, the results and amounts of bioactive material in each microneedle patch
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Figure 3.3: Microneedle dissolution tests, illustrating the results for (a) Control
group (PVP+PEG400), (b) Formula 1, (¢) Formula 3, and (d) Formula 6.

used in the tests are indicated. It was stated by the company that the amount of
error in the measurements was 0.5 mg. According to Table 3.1, the production
methodology does not disrupt the biomaterial structure and the dosage amount can
be controlled successfully. Nevertheless, further studies are needed to adjust the
amount of biomaterial more precisely and to determine the dose amount for clinical

studies.

3.4 Proliferation and Cytotoxicity Test

Numerous in-vitro tests investigating the reaction of a cell population to environ-
mental factors are based on the measurement of cell viability and proliferation. The
MTT assay is a colorimetric assay for understanding cell proliferation, viability and

cytotoxicity of substance. This assay is based on the ability of NADPH-dependent
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Figure 3.4: Schematic layout of an HPLC system [4]
Table 3.1: Drug dosage test using the HPLC method results
OS 4 GAG Control
Group
CS GAG CS GAG CS GAG
mg  mg mg mg mg mg mg mg mg
Target 12 2 | 12 2 06 06 1 1 0
dosage
Test 1 1.56 091 | 1.16 195 | 048 0.63 096 1.15 ND
Test 2 0.55 211 | 097 192 | 0.38 0.46 082 1.10 ND
Test 3 1.27 147 | 1.20 2.07 | 0.24 056 0.66 1.08 ND
Average 1.13 150 | 1.11  1.98 | 0.37 0.55 0.81 1.11 -
S.D. 0.52 0.60 | 0.12 0.08 | 0.12 0.08 0.15 0.04 -
Performance | % 72 % 75 | % 93 % 100 | % 62 %92 % 81 % 100 -

cellular enzyme to reduce the Tetrazolium dye (MTT) to its insoluble Formazan

format. MTT is a Tetrazolium salt which is yellowish in color, and can be reduced

to Formazan format which is violet in color.

This color change is only possible

when the cell is viable [104]. Therefor, using this principle MTT profileration and

cytotoxcity assay is performed.

For the proliferation analysis, human chondrocyte cells and osteoblast cells were
seeded in a 96-well culture dish and incubated with growth media at 37°C and 5%
CO2 conditions until they reached 70% density. The sample material was incubated

at the same conditions in the first, third and seventh days. 10 pl of MTT solution
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was added to each well and incubated for two hours , and absorbance values were
obtained in the ELISA reader at 570 nm wavelength of the culture dish. The

experiment was carried out in four repetitions.

For the cytotoxicity test; 1,929 mouse fibroblast cells were seeded in a 96-well culture
dish and incubated with their medium at 37°C and 5% CO2 until they reached 80%
density. Afterwards, incubation was carried out with the sample material in the
first, third and seventh days. 10 pl of MTT solution was added to each well and
incubated for two hours, and absorbance values were obtained in an ELISA reader
at 570 nm wavelength of the culture dish. The experiment was carried out in four

repetitions.

Considering the proliferation analysis as shown in Fig.3.5, no significant difference in
both hFOB and HC cell lines on the first day is seen, but it is observed that both cell
lines increased significantly compared to the other groups with complex material. It
has been observed that the materials affect cell proliferation synergistically. In the
cytotoxicity analysis, on the first day there was no difference between the groups,
but the complex material increased significantly on the 3rd and 7th days compared
to all groups. As a result of the evaluations, it was observed that the materials did

not have any cytotoxic effect.

3.5 In-vitro Scratch Assay

To estimate the ability of the bioactive material which are released into the skin
to heal wounds, scratch assay is performed. Cellular migration is a critical wound
healing process that can drastically alter the outcome of a healing wound. This
protocol allows researchers to better understand the effect of compounds in cellular
migration during wound healing. The scratch assay is a cost effective and high-
throughput approach for generating meaningful wound healing data prior to costly

and time-intensive in-vivo testing [105, 106].

To carry out this test, human chondrocytes are seeded in a 6-well culture dish
and incubated at 37°C and 5% CO2. When the cells reach 90% density, scraping is
performed with a 100 ml sterile pipette. Cell debris are removed by rinsing with PBS
and microscopy imaging is performed at 10x magnification. At the 24th and 48th
hours of the experiment, photographs of the scraped area are taken and comparisons
and measurements are made with Image-J software. The experiment is carried out

in three repetitions.
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Figure 3.5: Bar graph of the proliferative effect of the complex material on (A)
hFOB, (B) HC and (C) cytotoxic effect on 1929 fibroblast cell line. p<0.05 shows
p<0.05 compared to (a) polymer, (b) GAG, (c) CS, (d) HA, (e) complex and (f)
control.
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As a means of simulating wound-healing in the human body, the effect of bioactive
materials on the wound healing procedure has been assessed with the scratch assay;,

followed by monitoring the cellular response.

In the morphological evaluation, there was no difference between the groups on
Day 0, but the density of the GAG and complex groups increased rapidly on Day
1. In the second evaluation, although closure increased in all groups, the scraping
line could not be noticed only in the group containing complex material. Significant
void areas were observed in the control group and polymer group, where no material
was applied. The results of the scratch assay regarding each group of MNAs are
illustrated in Fig.3.7, showing the migration of cells in detail. Figure 3.6 shows the
average cell amount as a result of the scratch assay. It can be concluded that the
complex group which consists of a combination of bioactive materials such as GAG,

CS and HA is the best-healed group by comparison.
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Figure 3.6: Scratch assay graph results, illustrating the average cell amount as a
result of the cell migration after 0, 24 and 48 hours.
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Figure 3.7: Micrographs of the effect of the composite material on wound healing
on chondrocytes are seen. (10x) Yellow dashed lines indicate the wound area.
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Chapter 4

Conclusion and Recommendations

4.1 Conclusions

In this study, a multi-objective optimization based on the NSGA-II is carried out
to determine the optimal geometry of a microneedle geometry to prevent breakage
during the insertion process. In order to perform the optimization, MATLAB and
COMOSOL Multiphysics are linked together, and subsequently a reasonable safety
factor is used to select the optimal dimensions of each model. Based on the opti-
mal MN dimensions selected, master molds are fabricated using PMMA material by
micro-milling technique. Then, with the aid of micro-molding technology, the PDMS
production molds are produced. Consequently, dissolvable microneedle arrays are
developed to cure Osteoarthritis disease. For this purpose, solutions containing
polymers such as glucosaminoglycan, chondroitin, hyaluronic acid, poli(vinil piroli-
don), and poli(etilen glikol) are made such that the microneedles function properly.
The geometry of the master molds and final MNAs are characterized by optical and
scanning electron microscopy images which indicates the stated production process
is capable of fabricating the MNAs with the desired dimensions. To verify the ap-
propriate functioning, series of in-vitro tests including piercing, dissolution, HPLC,
scratch assay, proliferation and cytotoxicity tests are performed. From the results
of the tests conducted, it can be concluded that the microneedles have the following

capabilities in terms of:
o Their ability to penetrate the skin without any defects and breaking.

o A relatively short period of use is sufficient for the microneedles to dissolve

and release their bioactive material in the skin

20



e The production methodology does not disrupt the biomaterial structure and

the dosage amount can be controlled successfully.
e The ability of wound-healing.

o The materials used in the fabrication of MNAs affect cell proliferation and

viability synergistically.

o It was also found that the materials used in preparing MNAs did not cause

any cytotoxicity to the cells.

It has also been concluded from these series of tests that the complex group, which is
a combination of all of the polymers stated above, has the best results in comparison

with the other polymers studied.

4.2 Recommendations

There are a few recommendations that can be made below in order to improve the

development of future simulations and models:

o For interpreting a realistic model for the insertion and penetration of the
microneedle arrays into the skin, developing simulations that can demonstrate
the actual force which is applied from the skin to the microneedle and checking
whether the needles have the ability to pierce the skin, it can be beneficial for
obtaining more optimal dimensions for the square obelisk geometry before

having to manufacture them.

o It has been stated that the skin has an hyperelastic behaviour. The skin can
be modeled with various types of hyperelastic materials such as Neo-Hookean,
Ogden, Mooney—Rivlin, and etc., that have different parameters. Experiments
and tests can be performed for obtaining these parameters to better analyze

the microneedle insertion to the skin.

e Depending on the application, some microneedle array patches are inserted
to the skin by using applicators. Modelling the applied force during insertion
along with the reaction force from the skin can assist predict the performance

of the needle structure.

o When inserting a microneedle array patch into the skin, the needle spacing

and total number of needles on a patch will effect the reaction force, which
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may cause (i) failing to penetrate the skin (ii) breakage of the needles and
(iii) discomfort during insertion. By developing simulations to determine the
ideal dimensions, needle number, and spacing, needle feasibility, and patient

compliance can be increased.

For applications and drug delivery purposes, developing simulations where
the drug release rate can be observed based on the materials and compounds
utilized in the fabrication of microneedles can help predict the performance of

the patches along with their relevant in-vitro tests.

The use of new substances and compounds for the purpose of treating or

addressing a wide variety of medical problems.

In the present day, various diseases and viruses can cause pandemics, such
as the one that we are currently experiencing. Since today’s vaccinations
have certain limitations when facing pandemics, such as storage, production
on a global scale, generating bio-hazardous waste. Microneedle arrays can be
considered the future of vaccinations by developing new and unique shapes,
geometries, fabrication methods, and application strategies for the purpose of

mass production.
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