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~ Abstract

One of the most important issues in creating new drug delivery methods is improving drug
permeation into the skin. Therefore, many techniques have been proposed, such as oral ad-
ministration, intradermal vaccines, transdermal patches, among others, but all of them present
several limitations. In the past few years, a new effective, innovative and safe drug delivery
system was proposed. This technology is named as microneedles (MNs) and it is a hybrid
combination of hypodermic injections and transdermal drug delivery systems, which consists
in micro-scale needles that can pierce the skin by a simple, minimally invasive and painless
route, enabling to transport drugs and macromolecules into the human body. This dissertation
reports the development of a biopolymer-based microneedle patch, using biodegradable and
biocompatible polymers, polylactic acid (PLA) and poly(hydroxybutyrate-co-hydroxyvalerate)
(P(HB-co-HV)), through a low-cost and maskless laser technology. The laser technology was
used to engrave specific patterns on a substrate that served as mold for the MNs production.
The best results were obtained with a laser power of 30 W at 0.15 m/s, with the spiral model
as pattern. The respective MNs had a length of 0.69 mm and a diameter of 0.33 mm, ideal
for painless penetration of skin. Moreover, P(HB-co-HV) demonstrated a higher mechanical

stability than commercial PLA, confirming its promising use as MNs biomaterial.

Keywords: Drug delivery systems, Microneedles, Biopolymer based microneedle patch, PLA,
P(HB-co-HV), Micromolding, Laser technology.
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- Resumo

Um dos objectivos mais importantes na criagao de novos métodos de libertacao de farmacos
(drug delivery) no corpo humano é melhorar a permeacao destes na pele. Muitas técnicas tem
sido propostas, tal como a administragao oral, vacinas intradérmicas, adesivos transdérmicos,
entre outros, no entanto todas apresentam varias limita¢des. Nos altimos anos, foi proposto um
novo sistema de drug delivery eficaz, inovador e seguro. Esta tecnologia é denominada de micro-
agulhas (MNs), tratando-se de uma combinacao hibrida de inje¢des hipodérmicas e sistemas de
libertacao transdérmica de medicamentos, que consiste em agulhas a microescala que podem
perfurar a pele de uma forma simples, minimamente invasiva e sem dor associada. Esta permite
o transporte de farmacos e macromoléculas para o corpo humano. Esta dissertacao relata o de-
senvolvimento de um adesivo/penso (patch) de microagulhas baseado em biopolimeros, usando
polimeros biodegradaveis e biocompativeis, o acido polilatico (PLA), e o poli(hidroxibutirato-
co-hidroxivalerato)(P(HB-co-HV)) através de uma tecnologia laser de baixo custo e sem ser
necessario usar mascara. A tecnologia de laser foi usada para gravar padroes especificos num
substrato que serviu de molde para a producao de MNs. Os melhores resultados foram obtidos
com uma poténcia de 30 W e velocidade de 0,15 m/s, com o modelo em espiral como padrao. As
MNs tinham um comprimento de 0,69 mm e um didmetro de 0,33 mm, ideal para a penetracao
indolor na pele. Além disso, o P(HB-co-HV) demonstrou ter uma maior capacidade de resistén-
cia mecanica do que o PLA comercial, confirmando o seu uso promissor como biomaterial para
as MNs.

Palavras-chave: Drug delivery, Microagulhas, Biopolimero, PLA, P(HB-co-HV), Tecnologia la-

Ser.
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Objectives and Motivation

The aim of this master thesis is to focus on the recent drug delivery innovations and develop a
simple, maskless and scalable production method for the painless permeation of drug molecules
into the skin. Therefore, a biopolymer-based microneedle patch is optimized and produced
using laser technology. Different polymers to produce the microneedles are used to achieve
improved characteristics enough to overcome the limitations of the already developed ones.
Finally, it briefly discusses the characterization tests carry out along the work. This dissertation
is concerned with the successfully development of a biopolymer-based microneedle patch,

aiming at:
* Being able to insert large as well as small molecular weight drugs into the human body;
* Perforate the skin without causing pain;
* Scalability of the processes used;

* Reduce costs and substitute the already used fabrication processes.
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1 | Introduction

This chapter describes the innovative idea of microneedles (MNs) and why it has been a subject
of great interest in science. Furthermore, it shows all the techniques and steps behind this work,
allowing this technology to be widely recognized as a promising alternative to the already used
drug delivery systems. Finally, it briefly reviews the microneedles that are already invented,

their fabrication methods and explores materials that can be used.

1.1 Human Skin

Skin is the largest organ of the human body and it is the interface between the human body
and the external environment. This organ comprises three layers, i.e. epidermis, dermis and

hypodermis (Figure 1.1).

Stratum Corneum \ - \

10-20 pm ——0 Epidermis
150 - 200 pm
Dermis
1.5-3mm
Hair Follicle ™
Hypodermis
3-10mm
Sweat Gland —
Far Muscle
A
Blood Vessels

Connective Tissue

Figure 1.1: Layers of the human skin. Adapted from M. Hoffman and L. Engelke et al. [1, 2].

The outermost part of the first layer -epidermis- known as the stratum corneum, acts as a pri-
mary and an external physical barrier [3-5]. The stratum corneum is a formidable barrier with
only 10-20 pm of thickness and it is almost impermeable to large and hydrophilic molecules.
Bellow lies the inner part of the epidermis, which generally has a thickness of 150-200 pm [6-8].
Epidermis contains living cells and nerves but does not have blood vessels. Therefore, only a
few molecules, with small molecular weight (<500 Da) and high lipophilicity, have the capacity
to cross it directly through passive diffusion [9, 10]. Deeper, it comes the dermis, with 1.5-3
mm of thickness, that forms the bulk of the skin volume and provides mechanical strength to
the skin. This layer not only contains living cells and nerves but also has blood vessels. The
last one before the muscles is known by hypodermis. This is the fat storage layer, which has

nerve endings and capillaries connecting the tissues. Thus, to reach systemic circulation any
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CHAPTER 1. INTRODUCTION

molecule or compound shall penetrate through all three layers. Crossing the stratum corneum,
it diffuses rapidly through the epidermis and freely enters dermis blood vessels. Subsequently,
it will be taken by the underlying capillaries and enter the main bloodstream [5, 9, 11].

1.2 Drug Delivery

One of the most important roles of the skin is to protect what enters the body, acting as a natural
selector barrier for all the external molecules. With the daily need to perform treatments, tests,
and diagnoses in healthcare, there is a need to insert and transport drugs into the human body.

There are several methods to perform the aforementioned, but the most commonly used
is by oral delivery. In this method where drugs interact with the harsh environment of the
gastrointestinal tract and must survive to pass by the metabolism of the liver. To avoid the
gastrointestinal path and overcome this limitation, drugs can be administered by hypodermic
injections. Thus, delivery from hypodermal administration results in the compound being
deposited either intramuscularly (IM), subcutaneously (SC) or intradermally (ID) (Figure 1.2)
[3, 12]. However, conventional injections cause pain and the risk of needle-stick injuries. In
addition, they require medical assistance and the drug does not have a controlled release over
time. Therefore, as an effective alternative to the oral routes and hypodermic delivery, trans-
dermal patches appear as a promising solution. However, the outermost layer of the skin, as
mentioned above, severely limits percutaneous permeation of the majority applied drugs and
diffusion of most compounds [4, 6].

The development of more sophisticated drugs has demanded the need for more sophisti-
cated methods to deliver those drugs [5]. As a hybrid of hypodermic needles and transdermal
patches, arrays of micron-scale MNs have been created. Using multiple microscopic needles,
it is possible to painlessly pierce the skin, and thereby transport drugs into the body, precisely
into or just beyond the epidermis [5, 13].

Hypodermic needjes
IM SC D

h

Microneed]es

Etdems | . il iy

i g !
Dermis{ l sy T

Hypodermis '

(subcutis)

Muscles || ‘

Figure 1.2: Hypodermic needles versus Microneedles. Adapted from N. R. Hegde et al. [13]

1.2.1 Microneedles: Definition, Advantages and Design

Microneedles, so termed as they generally range from 100 to 1000 ym in length, were first con-

ceptualized in the 1970s [14], designed to perforate skin and to provide a direct and controlled
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1.2. DRUG DELIVERY

route access of drugs to the underlying viable tissue layers. Since then, due to advances in
microfabrication technology, it has been a subject of significant research and became widely
available in the 2000s [9, 15, 16]. Due to their small size, minimally invasive MNs need to be
long enough to penetrate to the dermis, but short and narrow enough to avoid stimulation of
dermal nerves or puncture of dermal blood vessels, thus, evading the generation of the pain
sensation. Besides the aspect of pain-free delivery, numerous other advantages of MNs are pre-
sented: (i) minimal skin trauma; (ii) no bleeding or introduction of pathogens/contamination;
(iii) easier and effortless application for non-skilled and/or self-administration; (iv) enhanced
drug efficacy that may result in dose reduction; (v) drug delivery can be targeted for a specific
area; (vi) increases compliance and reduces medical costs. Though, many critical factors need
to be controlled on the delivery such as diffusion, permeability, aqueous/lipid solubility ratio,

and molecular size that is also fundamental in facilitating permeation (3, 11, 16].

Over the past few years, MNs have been designed, developed and fabricated according to
their use and needs. It has been possible to use different techniques in a wide range of materials
to form arrays with different dimensions, geometries, and shapes. To enhance skin penetration
ability and get the most of this technology, it is essential to optimize parameters, such as MN
shape, tip-radius, base diameter, height, thickness, the force of insertion, the force of fracture,

the density of MN arrays, among others [3, 15, 17].

One of the most important challenges is obviously something less controllable, that is, the
inherent elasticity of human skin, as it varies from person to person. Therefore, the develop-
ment of MNs technology requires a deep understanding of the mechanical proprieties of the
human skin in general. It is necessary to consider that the thickness of different body sites
varies, due to age, sex, ethnicity, and body mass index of a person. The MNs must be optimized

in a single reproducible model so that it can be used on every individual [16].

1.2.2 Types of microneedles

As mentioned above, due to the different types of mechanisms of drug delivery enhancement,
MNs have a wide range of applicability, with an increasing focus on research field of drug
delivery systems.

There are currently 5 types of MNs already reported in the literature [3, 6, 9], whereby drug

administration can be achieved according to the type of MNs (Figure 1.3):

(a) Solid: creation of “holes” in stratum corneum prior to the application of a drug onto the
skin surface or with the drug already employed in the MNs;

(b) Coated: MNs already coated with drugs to be released when inserted into skin;

(c) Dissolving: made of biodegradable materials, where drugs are loaded into the MNs and
released after insertion on skin;

(d) Hollow: drug injection through holes in the central part of the MNss;

(e) Hydrogel-forming: MNs composed of non-dissolving crosslinked hydrogels, which are
carried by a drug-loaded patch. When applied, the hydrogel-forming MNs swell and create
hydrogel conduits which facilitate the entry of the drug into the skin.
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Figure 1.3: Types of microneedles. Adapted from A. Rzhevskiy et al. [6]

As mentioned, MNs must pierce the stratum corneum barrier and expose the tips to the
viable skin tissue. Thus, the most important factor when choosing a material is the ability to get
in contact with tissues of the human body without causing a risk of infection or an immune stim-
ulation and an unacceptable degree of damage to those tissues. Currently, the most commonly
used fabrication methods of MNs consist in: lithography processes, electroplating, molding, hot
embossing, wet and dry corrosion, among others [18, 19]. Therefore, to avoid all the expensive
and time-consuming methods, the development of simple and scalable production methods
is mandatory. Laser technology appears as an innovative and promising alternative in MNs
fabrications and is the focus of this work [20]. Therefore, to fabricate MNss, it is necessary to use
materials with desired characteristics, such as biocompatibility and biodegradability, instead of
any other type of material. So, despite the great advances in materials like silicon, metals, glass,
ceramics, the promising alternative to the previously described materials are the polymeric

materials 3, 16].

1.3 Biopolymers

The polymers that have attracted the greatest attention to avoid/replace the use of petroleum
resources and solve environmental concerns are the biopolymers obtained from renewable
resources, known as bioplastics.

These are a new generation of environmentally friendly plastics, bringing great interest due
to their excellent biocompatibility, response to biological or physical stimuli, biodegradability,
different degradation profiles, low toxicity, and inherent low-cost. In addition, also present
strength and toughness. Their characteristics and their plastic nature make them appealing
materials to be used for MNs fabrication. Therefore, when a biopolymer-based MN patch
penetrates the skin or any other biological tissue, it must be able to resist the compression

forces without breaking or bending [16, 21].



1.3. BIOPOLYMERS

1.3.1 PLA and P(HB-co-HV)

In recent years, sustainability, eco-efficiency, and environmental concerns have played an im-
portant role to substitute conventional plastics for bioplastics. For this reason, these can have
an excellent applicability on MNs technology due to their great characteristics, such as biocom-
patibility, biodegradability, low-cost production, eco-friendly, non-toxic composition, among
others [22].

Currently, the most commonly used industrial polymer in MNs production is poly(lactic
acid), known as PLA. This is an aliphatic polyester produced by carbohydrate fermentation or

chemical synthesis. The chemical structure of PLA is observed in figure 1.4.

O

H OH

c “n
Hs

Figure 1.4: Chemical structure of poly(lactic acid)(PLA) [23].

Although the PLA has been used on various medical applications, such as slings, patches,
implant devices and tissue scaffolds, it also has some drawbacks, such as high cost, low avail-
ability and limited molecular weight range [24, 25].

Therefore, as an alternative to PLA and conventional plastics, emerges a family of bioplastics
with great potential, known as polyhydroxyalkanoate (PHA). PHA is accumulated intracellu-
larly by several bacteria in the form of storage granules in a response to physiological stress.
These microorganisms can be grown on a variety of substrates, including sugars, fatty acids
and even gaseous mixtures of carbon dioxide and hydrogen [26]. Subsequently, the polymer is
extracted in the form of bioplastic by disrupting the cells [27]. Its proprieties are affected by
bacterial strains, type, and concentration of carbon and nitrogen sources in the growth culture
[28].

The most well-known PHA is the poly(hydroxybutyrate-co-hydroxyvalerate), known as
(P(HB-co-HV)). This polymer can also be synthetized by bacteria [27, 28]. The chemical struc-
ture of (P(HB-co-HV)) is shown in figure 1.5.

H1C,

!
\C’ C C
\60/ N2 PN

Figure 1.5: Chemical structure of poly(hydroxybutyrate-co-hydroxyvalerate)(P(HB-co-HV))
[29].

Its potential for use can be increased by the content of the hydroxyvalerate (HV) incorpo-
rated into the PHB molecular chain. Thus, the polymer becomes more elastic and less crys-
talline, increasing their toughness and resistance [30, 31]. Therefore, this biopolymer appears
to be a great alternative to PLA and further research should be conducted on its characteristics

to evaluate its potential applications [31].






2 | Materials and Methods

This chapter briefly reviews the experimental techniques used throughout this thesis. Firstly,
the fabrication of the MNs molds, using a CO, infrared laser cutting system, is described.
Secondly, the methodology employed in the biopolymer production. And finally, the procedure
used for the fabrication of the biopolymer-based MNs patch. Additionally, are mentioned the
characterization techniques used in this work are mentioned that allow obtaining structural,
compositional and morphological information of the produced polymers and the produced
MNs.

2.1 Microneedles fabrication processes

As previously mentioned, the main goal of this work is to simplify and optimize all the steps
involved in MNs fabrication using biopolymers as material. It involves two major steps: (i)
mold fabrication using laser technology and (ii) MNs production using biopolymers and the
molds fabricated in (i). All the experimental details are presented below.

2.1.1 Mold fabrication

The molds fabrication is divided into two simple steps: (i) substrate production followed by (ii)

pattern engraving with a laser cutting system.

2.1.1.1 PDMS substrate production

Polydimethylsiloxane (PDMS) is the silicone polymer used as mold due to its availability, low
cost, easy fabrication, hydrophobicity, and the ability to withstand high processing tempera-
tures. The PDMS sheet is prepared by mixing a 10:1 v/v ratio of PDMS pre-polymer with a
curing agent (Silicone Elastomer SYLGARD 184 from Dow Corning). After that, the mixture
is poured into Petri dishes, until filling up to about 3-4 mm and is degassed in an 800 Mb
vacuum chamber to remove air bubbles. Afterward, to obtain a uniform sheet a curing process
is performed at 70°C for 1h. Finally, the resultant PDMS sheet is peeled away from the petri
dish.

2.1.1.2 Laser-based pattern engraving

Since the geometry of the MNs has a major influence on their proprieties, a highly controllable
technique was chosen for molds production, known as laser, an acronym for “light amplification

by stimulated emission of radiation”. In this work, a pulsed CO, infrared laser cutting system
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CHAPTER 2. MATERIALS AND METHODS

(Universal Laser System (ULS) VLS3.5) was used, with a wavelength of 10.6 pm and a focal
length of 50.8 mm. This system has a very simple operability, allowing to engrave controlled
microstructures, on the PDMS sheet to, posteriorly, form the polymer-based MNs patch. This
technology is constituted by two types of lens: (i) the 2.0” lens, with a focus point of 0.127 mm
and (ii) the HPDFO (High-Power Density-Focusing Optics) lens with a focus point of 0.025 mm.
The computer-controlled laser system works as a printer where with a vector image input it is
possible to import the desired patterns, previously designed with an image software (Adobe
Ilustrator CC). These patterns can encode specific parameters of power, speed and the number
of pulses per inch (PPI), in the form of a Red, Green, and Blue (RGB) color code. So, the 3-4
mm thick PDMS sheets were placed on the laser working table to be engraved by the laser
beam (Figure 2.1 C) to generate microcavities. Since a fundamental part of this work is to
perform a systematic study of the laser technique, a variation of the already mentioned factors
was employed: (i) type of lens; (ii) geometry of the engraved patterns; (iii) power and (iv) speed
of the laser. With the study of these parameters, it is possible to identify the effects produced
in the PDMS molds and, consequently the rendered MNs. Finally, it is optimized and sated up
the best engraving conditions of the laser to fabricate a specific MNs mold.

A PDMS sheet
sl »

$ B
Laser beam

PDMS Mold ~ C ¥

\ B e
WA
Y v

Figure 2.1: Schematic fabrication process of PDMS mold using the laser technique, adapted
from L. Wang et al. [20]. (A) The PDMS sheet fabrication, as described in 2.1.1.1. (B) Laser
beam engraving microcavities on the PDMS sheet surface. (C) PDMS resultant mold.

After using this technique, the molds were washed to remove residues left from the laser
engraving process. For that, the molds are placed in an isopropyl alcohol (IPA) container and
taken into an ultrasounds bath for 10 minutes. Then the molds are washed with distilled water
and dried with a jet of nitrogen. During this work, it was concluded that the molds require a
heat treatment prior to their utilization (the reason will be explained in chapter 3). Thereby,

the molds were placed on a heating plate at 220°C for 2 hours.

2.1.2 Biopolymers

The polymer, used as a reference, was PLA in the form of grains (Ingeo biopolymer 2003D,
NatureWorks). P(HB-co-HV) was extracted from a mixed culture biomass produced as described
by Albuquerque et al. (2007) [32], using fruit pulp as feedstock. The biomass was provided
in broth, being necessary to proceed to a centrifugation process, followed by lyophilization.
After a Soxhlet extraction with chloroform was employed, followed by a purification process.
In the Soxhlet extraction, the biomass provided (15.51 g) was mixed with chloroform (50 ml)

in a Soxhlet extractor. The temperature was kept at 80-90°C, using an oil bath, for 24h. After
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2.1. MICRONEEDLES FABRICATION PROCESSES

cooling to room temperature, the polymer solution was placed in the food hood for solvent
evaporation. The obtained polymer was then purified by dissolving in 50 ml chloroform and
adding drop-by-drop into cold ethanol, with a ratio of 1:10 (v/v). Afterward, the precipitated
polymer was recovered from the beaker and left exposed to air for 48h, to evaporate the solvent.
The P(HB-co-HV) production yield obtained was 41.52%, with an obtained mass of 6.435g.

2.1.3 Fabrication of the MNs

All the MNs were fabricated using the molds prepared in this work according to the method
described in 2.1.1.1. The PLA-based MNs, used as a reference, were produced through an
adaptation of the procedure followed by Wang et al. [20]. For the biopolymer P(HB-co-HV), a
new root procedure was created, since there is nothing published about this subject, being the
first time that P(HB-co-HV) is used in this type of technology. The fabrication methodologies

will be referred in the sections below.

2.1.3.1 Fabrication of PLA-based MNs

Since the reproduction of the existing procedure did not render the exact same results, some
adaptations were carried out. The PLA grains did not melt when placed on top of the heated
mold, as described, thus, a new approach was developed. The PDMS molds (with the side of the
microcavities facing upwards), as well as an aluminum foil with the PLA grains, were placed
on top of a hot placed at 180°C, for 5 minutes. After that, the temperature was increased up to
220°C for an additional 5 minutes. Then, with the PLA grains completely melted, the mold was
held to be pressed upon the polymer, with a steel sheet, for approximately 5 minutes. The mi-
crocavities were filled with the melted PLA, like an inverted micro molding process. Finally, the
assembled mold/polymer was removed from the heating plate to lower the temperature. The
resultant PLA-based MNs were obtained after a manually demolding process. This fabrication

method is described in figure 2.2.

PDMS mold ) AAANAAAN “
1 PLA grains

VY Shenin PR
| 5 minutes (180°C) + 5 minutes (220°C) = B ’ ’

(a) (b)
£

PLA MNs ——————————
' AAAA LANAANAND IJI@ |_5m.inutes(22(]"’C)_

(® @ ©

Figure 2.2: Schematic fabrication process of PLA-based MNs. (a) Mold and polymer being
heated. (b) Mold about to be pressed. (c) Steel sheet being pressed upon the polymer. (d) MNs,
mold and steel sheet in rest. (e) Resultant PLA-based MNs.

2.1.3.2 Fabrication of P(HB-co-HV) MNs

For the P(HB-co-HV)-based MNs fabrication, it was used the P(HB-co-HV) aforementioned,

produced from a mixed culture of Cupriavidus necator bacteria. As shown in figure 2.3, the
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CHAPTER 2. MATERIALS AND METHODS

P(HB-co-HV) was placed in an aluminum foil and was taken to the oven (Nabertherm), where
it was programmed a gradual temperature increase, from room temperature to 220°C along
30 minutes. When at 220°C it remained another 40 minutes there. At the end of this time,
the oven was turned off and the sample was kept inside until the oven temperature lowered to
180°C (approximately 15 minutes). After that, the oven was opened, and the sample was kept
inside for more 15 minutes allowing to cool gradually (avoiding a thermal shock with the room
temperature). In addition, a weight was placed on top of the assembly to ensure that all the
polymer entered in the microcavities. Finally, the sample was withdrawn from the oven and

after 10 minutes in rest, it was performed the demolding process to obtain the resultant MNs.

10N 0N
\],P(HB—(O—HV)/ » \ /
30 minutes (TambA220°C) 40 minutes (220°C)
(2) ¥ (b)

mm OFF d

P(HB-[O-HV) 0 mi s
MN’s 10 minutes in rest ‘_‘

. ¢ il i |] - ~15 minutes (TN)
(e) (d) (©

Figure 2.3: Schematic fabrication process of P(HB-co-HV) MNs. (a) Gradual heating of the
P(HB-co-HV) upon the mold. (b) Constant heating for another 40 minutes. (c) Steel sheet being
pressed upon the polymer with the oven open. (d) Mold and polymer in rest. (e) Resultant
P(HB-co-HV)-based MNs.

2.2 Characterization of the polymers and MNs

The characterization of the polymers and the resultant polymer-based MNs is a fundamental
part of this work to evaluate the quality and the characteristics of them. Thus, the polymers
used were characterized in terms of their thermal proprieties by Differential Scanning Calorime-
try and Thermogravimetry (DSC/TG), crystallographic structure by X-Ray Diffraction (XRD),
morphology by Scanning Electron Microscopy (SEM), and chemical structure by Fourier Trans-
form Infrared Spectroscopy (FTIR). In addition, the PDMS molds and the resultant MNs were
analyzed optically through a stereomicroscope and by SEM to determine their geometry and
dimensions. Finally, the MNs mechanical proprieties, namely mechanical compression, were

determined using a universal texture analyzer machine.

2.2.1 Differential scanning calorimetry and Thermogravimetry

The different transitions involved in the thermal processing and decomposition of the polymers
have been studied using Differential scanning calorimetry (DSC) and Thermogravimetry (TG)
(with Simultaneous Thermal Analyzed STA 449 F3 Jupiter from NETZSCH) under air atmo-
sphere. The samples were heated from room temperature to approximately 550°C at a scanning
rate of 10°C/min.
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2.2.2 X-Ray Diffraction

X-Ray Diffraction (XRD) is the technique that enabled to assess the crystallographic structure
of the commercial PLA and the produced P(HB-co-HV). The results were recorded using an
X-ray diffractometer (PANalytical X'Pert PRO MRD) with a monochromatic Cu Ka radiation
source (45 kV and 40 mA) to scan the samples, which were recorded in a 26 range from 10° to

90° using a scan rate of 10°/min with a continuous scanning mode.

2.2.3 Fourier-transform infrared spectroscopy

The Fourier-transform Infrared Spectroscopy (FTIR) was used to chemically analyze the poly-
mers with a FTIR Thermo Nicolet 6700, to obtain the infrared characteristic spectrum absorp-
tion of which one. FTIR is an analytical technique that covers a wide range of compounds
and allows simple polymer identification, being able to measure wavelengths between 350 and
7400 cm™!. After each measurement, it was taken a background spectrum that traced dissolved
gases and solvent molecules of the air. Therefore, when the polymer was put into the FTIR
compartment and pressed with the sample holder to be measured, that background spectrum
was eliminated giving only the information about that sample. After each measurement, the
sample holder was cleaned with ethanol and compressed air stream, removing any traces from

the previous sample. The polymers were analyzed before and after the thermal treatment.

2.2.4 Leica Microsystems

The determination of the values of the length and the diameter of the microcavities created in
PDMS that served as a mold, and the resultant MNs where obtained with a Leica M80 stereo
microscope, providing a wide overview and detailed imaging. However, it was only used for

the initial study, using SEM for all the following optical images.

2.2.5 Scanning Electron Microscopy

The biopolymers used in this work were imaged with a SEM Zeiss Auriga CrossBeam Work-
station. The commercial PLA and the produced P(HB-co-HV) were coated with 15-25 nm of
Au/Pd and imaged to assess their morphology. It is important to observe the morphology of the
biopolymers, prior to use and after molding into MNs, to study and compare with the results
obtained with the others characterization methods. Posteriorly, the produced MNs were also
analyzed by SEM, to observe the microstructures of the final MNs, obtaining images in side
view, 45-degree view and top view configurations. It was performed a coating of 15-25 nm of
Au/Pd and the SEM images were taken with 5-15 kV of accelerating voltage and a SE-BSE signal
mixing. The dimensions of the MNs were determined with the SEM images using a Java-based
image processing and analysis software, Image]J (U. S. National Institutes of Health, Bethesda,
Maryland, USA).

2.2.6 Texture Analyzer

For the mechanical tests, it was used a TA-XT plus Texture Analyzer (figure 2.4. The principle

of the texture analyser is to physically deform a sample in a controlled manner and measure
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its response. For this reason, it was used to evaluate and analyze the mechanical and physical
proprieties of the MNs by the observation of their response to the applied force. For the tests, it
was defined specific parameters on the texture analyzer to apply the necessary force to pierce
the human skin. This method is well fitted to characterize the MNs since it allows to perform
tests under strictly defined and controlled conditions. These tests were performed at the School

of Agronomy (University of Lisbon) with the collaboration of Professor Vitor Alves.

Figure 2.4: Photograph of the TA-XT plus Texture Analyser used for the mechanical tests.
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3 | Results and Discussion

In this chapter, all the work done regarding the MNs fabrication is presented and discussed.
First, section 3.1 presents the characterization of the PLA and P(HB-co-HV) polymers. Secondly,
section 3.2 shows the optimization results of the laser parameters used to engrave microcavities
into the PDMS molds and the resultant MNs. In section 3.3 is described the study of the ratio of
the microneedles quantity per unit area, defined as pitch. Finally, in section 3.4 it is presented
the results obtained from the mechanical tests, which provides information about the quality
of the final MNs.

3.1 Characterization of PLA and P(HB-co-HV)

3.1.1 Differential Scanning Calorimetry and Thermogravimetry characterization

DSC/TG under air atmosphere was performed to obtain thermal transitions and proprieties of
the PLA and P(HB-co-HV), as shown in figure 3.1 and 3.2. This characterization technique was
essential to determine the thermal stability of the polymers and their melting point (Tm) for
the subsequent MNs production. The degradation of polymers is very dependent on a range of
factors, such as their molecular weight, purity, crystallinity, pH, additives on it, and so on [33].
In the figures below are shown the quantitative measurement of the polymers mass change, due
to the thermal degradation, temperature of the thermal transitions, weight loss region and the
maximum temperature of decomposition. Starting with the thermal characterization of PLA,
as seen in figure 3.1, an endothermic peak is observed around 62°C, being the first change in
the polymer and corresponding to its glass transition (Tg).
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80 332°C ;! Il\/lass change: ; ’éﬁ
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Figure 3.1: Differential scanning calorimetry and thermogravimetry of PLA.
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At 91°C there is an exothermic peak, matching the crystallization temperature (Tc). At
177°C is seen a more significant peak which corresponds to the melting point (Tm) of the poly-
mer, which occurs typically at 170-240°C [34]. Up to these temperatures no relevant mass loss
occurs, thus no significant degradation occurred. Above, approximately, 300°C up to 400°C
the decomposition is fast, and it completes a mass loss of 90% of the polymer, accompanied
by an endothermic peak at 360°C. These observations allowed to determine the working tem-
peratures for the PLA-based MNs fabrication. Therefore, the polymer can be molded into the
desired shape by melt processing above its Tm and below 250°C to avoid degradation. This
analysis was considered for the PLA-based MNs fabrication procedure, in section 2.1.3.1.

DSC and TG characterization of the P(HB-co-HV) are shown in figure 3.2.
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Figure 3.2: Differential scanning calorimetry and thermogravimetry of P(HB-co-HV).

As seen, the melting point is approximately 136°C for the P(HB-co-HV), which is in accor-
dance with the literature [35]. The low Tm for the P(HB-co-HV) can be explained by the HV
units present in their composition [31]. Their degradation occurs at a lower temperature than
the commercial PLA, at 296°C, with a mass loss of 93%, respectively. This analysis allowed to
determine the thermal stability of the polymers and the working temperatures for the melting
process required for the MNs fabrication. Firstly, it was attempted to reproduce the same fabri-
cation procedure used in PLA-based MNs, however, the P(HB-co-HV) does not react well to the
rapid temperature rising and degrades very easily above 220°C. This degradation is observed
because the thermal behavior can vary with the heating rate which can be justified by the re-
organization of crystals during heating or by melting unstable crystals present in the polymer.
Thus, according to the results of the P(HB-co-HV) thermal characterization, this problem was
overcome by using an oven that allows a gradual increase in temperature and it was concluded
that is preferable to use slow heating rates on this type of polymers.

Additionally, it was performed a study of the PLA crystallinity degree. The crystallinity
percentage (X.) can be calculated from the enthalpy obtained from DSC results, using the

following equation:

_ |AH.+AH,,|

~ |AH,,(100%)| (3-1)

X:(%)

where AH_ is the heat of crystallization (J/g), AH,, is the heat of fusion (J/g), and AH,,(100%)
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3.1. CHARACTERIZATION OF PLA AND P(HB-CO-HV)

is the enthalpy of melting of 100% crystalline PLA (approximately 93 J/g) [36].
Using equation 3.1, PLA shows a Xc of 63%, which confirms its semi-crystalline structure.
It was not possible to calculate the Xc of the P(HB-co-HV) since it is not possible to observe any

crystallization peak in DSC analysis.

3.1.2 X-Ray Diffraction characterization

X-ray diffraction was an essential tool to identify the crystalline phases of the polymers and com-
pare with the other characterization methods. Figure 3.3 shows the PLA XRD diffractograms,
before, during and after molding process.
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Figure 3.3: XRD characterization of the PLA before and after molding into MNs.

As shown, the absence of Bragg’s peaks in the as-received PLA diffractogram indicates
their initial amorphous state. When PLA is submitted to a temperature above its Tm (177°) is
observed an increase in the peak intensity of the PLA. This behavior is in accordance with the
results calculated in section 3.1.1 from DSC data, where PLA revealed being a semi-crystalline
polymer. Therefore, the temperature is the condition that can be controlled to dictate the final
desired morphology of the MNs [37].

In figure 3.4 is shown the P(HB-co-HV) XRD diffractograms, before, during and after the
molding process.
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Figure 3.4: XRD characterization of the P(HB-co-HV) before, during and after molding into
MNs.
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As observed, the polymer shows prominent peaks at 13.61° and 17.03°, which correspond
to the (020) and (110) reflections of the orthorhombic crystalline lattice. These peaks identify
the crystalline nature of the biopolymer and it can be compared and confirmed with similar
analysis reported by Oliveira et al. [38]. P(HB-co-HV) shows agreement on all characterization
results [39]. The diffraction profile of P(HB-co-HV) shown a slight change on the peaks intensity
during the molding process due to their semi-crystalline behavior. This can be explained by

the rearrangement of the molecules in the polymer during the MNs fabrication [39].

Figure 3.5 shows the morphology of the PLA and P(HB-co-HV), where is observed the
pellet/grain of PLA and the fibrous P(HB-co-HV) used along the work.

Figure 3.5: Polymers morphology. A 20-cent coin was used for scale purposes.

The biopolymers were also observed by SEM. PLA showed a flat morphology without
significant changes before and after the molding process. P(HB-co-HV) was obtained in a fibrous
form, however, after molding into MNs it shows a flat surface with some reliefs (figure 3.6).

Before:

After molding into MNs:

Figure 3.6: SEM images of the polymers morphology before and after molding into MNs.
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3.1.3 Fourier Transform Infrared Spectroscopy

The chemical characterization of the polymers was obtained by FTIR by a qualitative analysis
of the polymers absorption bands. The study of the peak shifts makes possible to determine
functional group interactions of the samples. The PLA and P(HB-co-HV) spectrums were
compared to the literature, from tables of characteristic IR absorptions [40]. Figure 3.7 shows

the PLA spectrum before and after being used on the MNs fabrication.
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Figure 3.7: FTIR characterization of the PLA before and after molding into MNs.

The spectrum of the as-received PLA shows a relatively sharp peak related to the C=0
stretch vibration at 1720-1750 cm™!, a typical characteristic of aliphatic polyesters. It is also
observed C-O stretching vibrations at 1000-1250 cm™! and 1300-1320 cm™!. Other bands can
be found at 1450-1470 cm™!, corresponding to bending vibrations of methyl groups. Then it is
observed a C-H stretching vibration of aldehyde group at 2695-2830 cm™' and a C-H stretching
vibration at 2850-3000 cm™'. Both spectra, before and after, show absorption peaks at the
same wavelength however it is observed a decrease in its absorbance [34]. The main reason for
the variation of the peaks intensity is the arrangement of molecules in the polymer chain. To
adapt to specific processing conditions the polymer establish or break bonds. Therefore, the
decrease in the absorbance peaks can be explained by the melting of the polymer along the
high processing temperatures during the MNs fabrication. When the polymer starts to degrade
it occurs mainly through scission of the main chains or side chains of macromolecules. These
results were compared and confirmed with an article by K. Madhavan et al. [33]. For the P(HB-
co-HV) was also determined the spectrum before and after molding it into MNs (figure 3.8).
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Figure 3.8: FTIR characterization of the P(HB-co-HV) before and after molding into MNss.

The P(HB-co-HV) spectrum shows a remarkable and sharp peak at 1665-1710 cm™! derived
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from the presence of a C=0 bond, a typical characteristic of PHAs. The observed peaks at
2850-3000 cm™! correspond to C-H stretching vibrations which indicates the presence of HV, as
expected [28]. The bands corresponding to the C-H bending groups are located at 1350-1470
cm’!. The peaks observed between 1000 and 1320 cm™! show the stretching of the C-O bond
of the ester group. As the PLA, the intensity of the peaks after molding into MNs is lower due
to some chemical modifications after the thermal treatment. In general, the polymers have the
same functional groups, therefore, they will behave in a similar way as a response to specific

stimuli, and for this reason, they can have identical fabrication processes.

3.2 Optimization of MNs production method

For the optimization of MNs production method, the first experimental study was performed
with the PLA, that was used as a reference, to reproduce an already published work [20]. The
optimization of the laser parameters used in PDMS mold began by the variation of some critical
parameters, as mentioned in section 2.1.1.2. Finally, the PLA-based MNs patch was compared
with the results obtained with the P(HB-co-HV) based MNs patch.

A further study, consisting of a heat treatment temperature of the PDMS mold prior to their
utilization, was also performed. The first attempts of molding showed that the biopolymer did
not enter completely into the mold microcavities. To overcome this problem molds were heated
at 220°C for three different times (45 minutes, 1 hour and 2 hours). Significant differences
were observed since the biopolymers were already able to enter the PDMS microcavities. The
molds that showed best results were the ones heated for 2 hours. Therefore, resorting to a
published article by S. Jindasuwan et al. [41], it was confirmed that heat treatments have an
effect on surface topography and hydrophobicity of PDMS. With the thermal treatment, the
contact angle decreases and the surface roughness of the PDMS increases. For this reason, a heat
treatment was carried out in PDMS molds to render a higher hydrophilic behavior, becoming
easier for the biopolymer to enter in the microcavities.

3.2.1 Fabrication of PDMS molds using different types of lens

In this work, two types of lens were used: 2.0” and HPDFO lens. The importance of choosing the
type of lens is the application that is intended to have, for this reason, is the first consideration
of this work. Therefore, by a previous study of the microstructure created with these two types
of lenses is possible to determine the best lens for the mold fabrication. In table 3.1 is shown
the different characteristics of which one.

The working principle is very simple, the laser system focuses the laser beam by using
plano-convex lenses, converging to a focal point where diverges out again. The lenses focal
length determines how quickly the laser beam converges and diverges out again, meaning that
2.0” and HPDFO lens take the same time to reach the focal point. The focal point is defined as
the point where the laser beam can be focused in its smaller size and where the power density
is the highest. Hence, when the focal point is higher, the laser beam penetrates the PDMS mold
deeper, as seen in figure 3.9a and in the resultant MNs microstructure (Figure 3.9¢), using 2.0”

lens. Thus, when using HPDFO lens the laser beam concentrates more energy in a smaller
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Table 3.1: Type of lens.

2.0" Lens HPDFO
Focal Length

@lg”’“ 50.8 mm - 50.8 mm
e ) Depth of focus

* 2.54 mm . 0.76 mm

Focus point
0.127 mm @ 0.025 mm

point, meaning the power density is highest in a smaller area, engraving a microstructure wider
instead of sharper, as seen in the figures 3.9b and 3.9d (the increase of the microstructure’s

length is a result of 20% power increase applied by the laser system, every two MNss).

Figure 3.9: Optical images in side-view of the mold and resultant PLA-based MNs. (a) PDMS
mold engraved with 2.0” lens. (b) PDMS mold engraved with HPDFO lens. (c) Resultant PLA
MNs of 3.9a. (d) Resultant PLA-based MNs of 3.9b.

Since MNs are intended to present a sharper microstructure to penetrate more easily into
the human skin, it was concluded that 2.0” lens is the most suitable to be used for this type
of application. Another characteristic also observed that is quite interesting is the roughness
that the MNs present (Figure 3.9c) when fabricated with the mold engraved by the 2.0” lens.
Therefore, the placement of the drug around the MNs occupies a larger surface area, which
allows allocating a greater amount of drug in the MNs - to be posteriorly inserted into the body
- when compared with the smother MNs obtained with the HPDFO lens.

3.2.2 Fabrication of PDMS molds using different laser settings and patterns

After choosing the best type of lens, it was important to explore the effect of laser power and
speed on the created microcavities in PDMS molds and resultant MNs. The influence of using
different engraving patterns was also studied. The tested patterns were based on an article
already published [20], shown in table 3.2.
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Table 3.2: Two different imported pattern models from Adobe Illustrator, used in the molds
fabrication.

Pattern: Circle Spiral

A .f'ﬂ.:-:\‘-

[lustrator Design: - R
Diameter: a=0.04mm | b=0.08mm

Power and speed are controllable parameters in the laser system, whereby it was established
specific values to explore its effects on the mold. Using a circle and a spiral, as laser engraving
patterns, the laser power was varied between 10 W and 50 W and the laser speed was varied
between 0.05 m/s and 0.25 m/s. The PPI, which defines the number of laser pulses per linear
inch, was not relevant in the engraving conditions, and for this reason, it was kept constant
along all the work with a rate of 1000 PPI (maximum allowed value). Each pattern was engraved
as a matrix, where the laser speed was kept constant in each line while each column was settled
with different powers. The circle and spiral patterns and the resultant MNs can be observed in

table 3.3 and table 3.4, respectively.

Table 3.3: PDMS molds and resultant PLA-based MNs using circle pattern, with different values
of laser power and speed. Each condition was performed in duplicate.

Circle model
Mold: | Microneedles:
Power (W)
10 [ 20 [ 30 | 40 | 50 10 [ 20 [ 30 | 40 | 50

0.05

Speed
(m/s)

0.10

0.15

0.20

0.25
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Table 3.4: PDMS molds and resultant PLA-based MNs using spiral pattern, with different values
of laser power and speed. Each condition was performed in duplicate.

Spiral model

Mold: ‘ Microneedles:
Power (W)

10 ] 20 [ 30 | 40 | 50

|1mm

Y gm&mﬂﬁﬂ

0.05

Speed
(m/s)

0.10

0.15

0.20

0.25

The results above show that using different patterns influence the microcavities engraved
in the PDMS mold. This will allow producing desired microstructures with both patterns by
optimizing the conditions applied. Therefore, with the spiral pattern are obtained MNs with a
higher length than with the circle pattern. Visually, the MNs diameter seemed to present similar
values by using both patterns, which was confirmed further ahead (figure 3.10 and 3.11). For
this reason, it was concluded that the spiral pattern was the most indicated model to use due
to the possibility to apply faster laser speed and lower power values to obtain identical results
as the circle pattern. Consequently, it will reduce the energy used by the laser machine and the

time of production.

Afterward, a stereomicroscope was used to collect optical images of the MNs produced,
to determine their length and diameter followed by the analyzation of all the collected data
with Matlab software (MathWorks). This allowed creating graphics relating all parameters
simultaneously as shown in figure 3.10 and 3.11). The graphics show the influence of the speed
and power, used with the laser to create the microcavities on the PDMS sheet, and the length

and diameter of the conical microstructures of the MNs after molding the polymer. In the
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graphics XYZ, is observed the variation of the length and the corresponding color. It is also
represented a graph XY to better confirm the increase/decrease of the MNs diameter by the

observation of the circles dimensions and the colors associated with the length.
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Figure 3.10: Variation of PLA-based MNs length and diameter as function of the speed and
power applied in the mold fabrication, with the circle pattern.
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Figure 3.11: Variation of PLA-based MNs length and diameter as function of the speed and
power applied in the mold fabrication, with the spiral pattern.

The graphics show the influence of the speed and power to create the microcavities on the
PDMS sheet on the length and diameter of the conical microstructures of the created MNs. In
general, lower power and higher speed render small MNs both in length and diameter. On the
contrary, higher power and lower speed render bigger MNs. Regarding the study of the influence
of different patterns (circle and spiral) in the resultant MNs microstructure, it is observed that
using a spiral geometry, is possible to obtain MNs with a higher length and diameter than using
a circle pattern.

It was already mentioned that epidermis thickness has 0.2 mm of length. For this reason,
the most suitable dimensions for the MNs were adapted and defined to be painless and have
sufficient thickness for resisting compressive forces to not break when inserted into the skin. It
was considered and expected that only the tip or half of the MN will penetrate the skin, being
incorporated in a patch that will be applied manually. So, the optimized dimensions lie in a
range between 0.5-1 mm for the length and 0.3-0.4 mm for the diameter, corresponding to

the green color on the graphics shown above. After this analysis, it was concluded that three
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3.2. OPTIMIZATION OF MNS PRODUCTION METHOD

different conditions for circle and spiral pattern can be used to obtain MNs with the desired
dimensions (table 3.5).

Table 3.5: Optimized laser conditions for the mold fabrication and resultant MNs length and
diameter, using circle and spiral pattern:

Model | Speed (m/s) | Power (W) | MN length (mm) | MN diameter (mm)
20 0.64 0.40
Circle 0-05 30 0.72 0.41
0.10 40 0.66 0.37
0.05 20 1.00 0.36
Spiral 0.10 30 0.99 0.37
0.15 30 0.69 0.33

SEM imaging was used to observe the produced MNs and to help deciding the final condi-

tions of laser power and speed (figure 3.12).

(a) (b)

Figure 3.12: Resultant MNs using the optimized laser conditions. (a) Using circle pattern
(Power: 40 W; Speed: 0.10 m/s). (b) Using spiral pattern (Power: 30 W; Speed: 0.15 m/s).

The best dimensions obtained with a circle pattern was using laser power of 40 W at 0.10
m/s, resulting in a length of 0.66 mm and a diameter of 0.37 mm for the MNs, as shown in
figure 3.12a. By using a spiral pattern, obtained with a laser power of 30 W at 0.15 m/s, it
has resulted in a length of 0.69 mm and a diameter of 0.33 mm for the MNs, as shown in
figure 3.12b. These results were considered for the mold production where the pattern can be
used depending on the application.

The effect of different designed patterns on the geometries of the microcavities in PDMS
molds and resultant MNs shown to be an important parameter to study. During this work, it
was also created four additional models, shown in table 3.6. To avoid an absurd amount of
results to analyze, it was only used a fixed value of laser power and speed (25 W at 0.13 m/s)
for the mold production. At the annex I is shown the resultant microcavities engraved in the
PDMS mold with the different patterns. However, in this work, these molds were not further

used in the MNs production, but they can be used for future and desired applications.
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Table 3.6: Four different imported pattern models.

Models: Model A: Model B: Model C: Model D:
Circle inside Hexagon with | Square with
Pattern: . Hexagon . o . o
circles lines inside lines inside
_ h \ b‘;'\v\ N Pd
/ p\ ] ' C %
N o \/_&X /
Illustrator Design:
Diameter/sides: a=0.04mm | b=0.045mm | b=0.045mm ¢c=0.08mm

3.3 Influence of the number of MNs per unit area

The number of the MNs per unit area is an important parameter when designing the biopolymer-
based MNs patch. It was previously studied by Park et al. [42] that skin permeability increases
by increasing the number of MNs per area, improving the efficiency of this technology. In this
section, this parameter was studied, by varying the distance between each MN - defined as
pitch - and consequently the number of MNs per patch. The conditions used are defined in
table 3.7:

Table 3.7: Variation of the conditions applied in the MNs:

Speed | Power | Array dimension | Number of MNs | Number of MNs | Pitch
Model:
(m/s): | (W): (cm): per column: per patch: (mm):
1x1 15 225 0.6
. 8 64 1.2
Circle 0.10 40 o 30 900 0.6
X 15 225 1.2
15 225 0.6
1x1
. 8 64 1.2
Spiral 0.15 30 - 30 900 06
X 15 225 1.2

As mentioned, the PDMS molds can be fabricated with various replicated uniform mi-
crostructures, which is controlled by laser lens, power, speed and imported patterns. One of
the most important considerations in drug delivery systems is to produce MNs patches with a
significant number of MNs per unit area [20], once it allows a high quantity of loaded drugs
in the MNs. The figures depicted in figure 3.14 and 3.15 show SEM images of the resultant
polymer-based MNs patch by varying the imported patterns, the number of MNs per unit area
and the pitch. This analysis was used to assess the quality of the patch and the scalability of the
optimized fabrication method. Firstly, PLA was used to study the effect of the pitch variation,
reproducing both patterns in arrays of 1x1 cm and 2x2 c¢m (figure 3.14).

Bellow, in figure 3.13 is shown an photograph of a PLA-based MNs patch with an array of

2x2 cm.
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3.3. INFLUENCE OF THE NUMBER OF MNS PER UNIT AREA

Figure 3.13: Photograph of P(HB-co-HV)-based MNs patch (array of 1x1 cm), PLA-based MNs
patch (array of 2x2 cm) and patches prepared to be observed in SEM. A 20-cent coin is used for
scale purposes.

Circle:

2 mm

Spiral:

Figure 3.14: SEM images of PLA based MNs patches.

The variation of the array dimension did not show significant differences in terms of MNs
morphology. Although, the strength required to demold the MNs with larger array dimensions
was higher due to the high surface area, which can create defects in the final patch. Both
presented excellent uniformity and quality with almost the same microstructure. However, it
was only chosen the spiral pattern to reproduce the P(HB-co-HV) MNs due to the lower laser
speed and power applied, as mentioned. Concerning the pitch variation study, major differences
were observed. With a pitch of 0.6 mm the rendered MNs microstructures were not entirely
intact, due to break-up during mold removal or the polymer not having completely entered the
mold microcavities due to surface strength. Contrariwise, by using a pitch of 1.2 mm the MNs
present excellent structure.

After that, the same conditions were reproduced for the P(HB-co-HV) biopolymer, using a
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1x1 cm array with the spiral pattern (figure 3.15).

P(HB-c0-HV)

m

Pitch:

1.2 m Pitch: 0.6 mm

Spiral:

Figure 3.15: SEM images of P(HB-co-HV) based MNs patches.

The patches obtained showed to have a good structure and morphology, with adequate
dimensions (such as 2x2 c¢m), to be used in drug delivery. In addition, the patches produced
with a pitch of 0.6 mm showed the same good results obtained with a pitch of 1.2 mm, which

shows an improvement over the PLA-based MNss.

3.4 Mechanical tests

The MNs ability to penetrate skin without breaking also depends on their mechanical pro-
prieties. Thus, to study the strength of the biopolymer-based MNs patch it was performed
mechanical tests with a texture analyzer. For that, it was established the desired conditions to
test if the patch had strength enough to resist compression forces. It was studied the effect by
applying a known axial compression load (i.e. force applied parallel to the MN vertical axis) to
the biopolymer-based MNs patch. The arrays were pressed with a metallic block, with 8 mm
of diameter, at a rate of 0.05 mm/s for 20 s and the trigger force was set at 0.005 N. It was
also defined a maximum compression distance of 1 mm. The tested patches were visualized
after 24h using SEM characterization. It is important to refer that these mechanical tests do not
accurately simulate the forces that MNs experience when penetrating the skin, but it is a good
approximation. For the patches with a defined pitch of 1.2 mm the block area pressed into 32
MNs and for the patches with a defined pitch of 0.6 mm it was pressed on 113 MNs. Park et al.
[43], stated that solid MNs can be inserted into the skin between 0.1 to 3 N per needle without

fracture.

3.4.1 Compression test with PLA-based MNs patch varying the pitch

Figure 3.16 and 3.17 represents the response of the PLA and P(HB-co-HV)-based MNs patches
in function of their physical deformation, with a pitch of 1.2 and 0.6 mm. It is also shown the

SEM images of the resultant MNs patches to confirm their behavior.
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Pitch: 1.2 mm Pitch: 0.6 mm
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Figure 3.16: Compression tests and the resultant PLA-based MNs patches. In the left, is repre-
sented the patch with a pitch of 1.2 mm, and in the right the patch with a pitch of 0.6 mm.

The MNs patches with a pitch of 1.2 mm can resist compression forces up to approximately
50 N per unit area of the block, corresponding to an axial load of 1.56 N per needle without
breaking. With a pitch of 0.6 mm the patches can resist compression forces up to approximately
62 N, corresponding to an axial load of 0.55 N per needle without breaking. As expected from
the previous results on pitch variation in section 3.3, the force applied to the patch with a 0.6
mm pitch is higher, due to a larger number of needles per unit area, which requires higher
compression force to deform. Another interesting detail observed in table 3.16 is that texture
analyzer reached its limit on 62 N, however, the MNs have not break to the applied forces. By
analyzing the results shown above, the SEM images confirmed their elastic deformation and

the ability to resist to compression forces above the ones required to perforate skin.

3.4.2 Compression test with P(HB-co-HV)-based MNs patch varying the pitch

The second tested was the P(HB-co-HV)-based MNs patch and it showed almost the same results
as PLA-based MNs. They also resisted the compression forces applied, but with much less
resistance. The compression tests for the patches with 1.2 and 0.6 mm pitch and the resultant

MNs are presented in figure 3.17.
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P(HB-c0-HV)

Pitch: 1.2 mm Pitch: 0.6 mm
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Figure 3.17: Compression tests of the P(HB-co-HV)-based MNs patches. In the left the patch
with a pitch of 1.2 mm, and in the right the patch with a pitch of 0.6 mm.

MNss patch with a pitch of 1.2 mm was able to resist compression forces up to approximately
22 N per unit area of the block, corresponding to an axial load of 0.69 N per needle without
breaking. Also, with a pitch of 0.6 mm, the patch was able to resist compression forces up
to approximately 30 N, corresponding to an axial load of 0.27 N per needle without breaking.
These results confirmed that the P(HB-co-HV) MNs patch has a higher elastic behavior than
PLA, which can be a good characteristic to perforate skin.

These tests were used to compare different patches, confirming consistency of their fabri-
cation processes and the chosen polymers for this application. Finally, these results suggest
that P(HB-co-HV)-based MNs patch fabricated using the laser technology in PDMS micromold-
ing process can resist compression forces enough to perforate skin, without fracture. More
importantly is that P(HB-co-HV) can be a great alternative to the PLA polymer.

3.5 Parafilm tests with PLA and P(HB-co-HV)-based MNs patches

It was performed additional tests to the texture analyzer where it was used parafilm to mimic
human skin, by applying and pressing the MNs patch over three sheets of parafilm that were
applied to a fixed support. Each layer of parafilm was approximately 0.18 mm.

As studied the MNs should not perforate more than 0.2 mm of skin, which corresponds
to being able to drill up to a maximum of 2 sheets of parafilm. These tests were performed
manually to approach the reality of an independent application. The images taken from the
first parafilm layer and the MNs resulting from that tests are shown in figure 3.18 and 3.19. All
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the results were positive, and all the MNs patches passed these mechanical tests, being able to
drill until the second sheet, and maintaining its structure.

Pitch: 1.2 mm

Parafilm: MNs:

PLA

2 mm

P(HB-co-HV)

2 mm 2mm 1 mm

Figure 3.18: SEM images of PLA and P(HB-co-HV)-based MNs patches with a pitch of 1.2 mm,
after parafilm tests.

When the pitch was 1.2 mm, both PLA and P(HB-co-HV)-based MNs patch showed a great
performance and similar results. Thus, it was only observed a small deformation at the tip of

the MNs. Bellow in figure 3.19 is shown the results when the pitch is 0.6 mm, becoming a patch
with more MNs per unit area.

Pitch: 0.6 mm

Parafilm: MNs:

PLA

2 mm 2 mm 1 mm

P(HB-c0-HV)

2 mm 2mm 1 mm

Figure 3.19: SEM images of PLA and P(HB-co-HV)-based MNs patches with a pitch of 0.6 mm,
after parafilm tests.
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The SEM images of the patches with a pitch of 0.6 mm showed different results. While
PLA-based MNs patch did not suffer almost any deformation, P(HB-co-HV)-based MNs patch
suffered. All the MNs have perforated the parafilm until the second sheet of parafilm without
reaching the third. Comparing the results from these images with the previous ones of the
bigger pitch, it may mean that they have greater resistance when the MNs are distributed in a
larger surface area, imitating a “bed of screws”. However, with the P(HB-co-HV) seems that the
MNs were gripped in the parafilm when removed and were deformed or broken, but they were
able to pierce without breaking apart.

Finally, it was performed a cost analysis of the developed P(HB-co-HV)-based MNs patch.
In table 3.8 is shown the materials used, which presents a cost of 2.35 euros per unit. The costs
can be further reduced as the PDMS molds can still be reused and can be manufactured on a
large scale. It was not taken into account the cost relating to the equipment used (laser machine,

oven and thermal plate).

Table 3.8: Cost analysis of the P(HB-co-HV)-based MNs patch

Material: Amount: | Cost: | Amount per patch: | Cost/patch:
P(HB-co-HV) | 454g | 1.83€ 05g 0.002 €
PDMS 250 g 208 € 275¢g 230 €
Total: 2.35 €
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4 Conclusion and Future
Perspectives

During this dissertation, it was introduced a MNs technology that overcomes the limitations of
other drug delivery systems and it can be scaled up to mass production, thus being a promising
potential in biomedical applications. It was demonstrated that the MNs structure can be con-
trolled by using a low-cost and maskless laser technology to produce a mold and posteriorly be
used for the MNs fabrication. Therefore, it may provide a great and viable alternative to other
expensive fabrication methods. In this work, it was used a supplied commercial PLA polymer
and a P(HB-co-HV) biopolymer produced in this work using low-cost substrates. The reason for
using these biopolymers was their biocompatible and biodegradable nature and it was never
been used before in this type of application. DSC/TG, XRD, and FTIR analyses clearly con-
firmed the proprieties of the polymers that are reported in previous studies [30, 34, 44]. PLA
has shown an improved thermal stability, however, P(HB-co-HV) can be optimized to obtain
better proprieties depending on the desired application. The HV present in P(HB-co-HV) was
proven to decrease the melting point of the polymer, which allowed to produce MNs with lower
working temperatures. Additionally, this characteristic can improve the ductility and flexibility
of the polymer and can greatly improve its workability. A systematic study was performed to
determine the best conditions to use with the laser technology to produce the PDMS molds
and obtain the desired MNs using these biopolymers. Parameters such as the type of lens used,
patterns/models used and laser speed and power, were proven to have influence on the MNs
fabrication. The characteristics of the MNs were then tailored to have a specific length, diame-
ter, structure, and morphology, to be painless and to resist compression forces when experience
penetration into the skin. The best results were obtained using a model in spiral as pattern,
and engraved with the 2.0" lens, using a laser power of 30 W at 0.152 m/s. The MNs were
dimensioned and replicated with a length of 0.69 mm and a diameter of 0.33 mm. Additional
characterization methods were necessary to test the mechanical proprieties of the MNs patches.
None of the MN arrays fractured during the applied compression forces, and P(HB-co-HV)
polymer proved to be more efficient than PLA, which may hold great interest in future MNs ap-
plications and improvements. By concluding this dissertation with great and promising results,
it is possible to continue studying and improve the utility of the P(HB-co-HV), in biomedical
applications. Also, as this biopolymer has never been used or tested, it opens a huge perspective
on the application of biopolymers with laser technology. Furthermore, MNs can be designed

and optimized for different proposes. As future perspectives and to complete this study, it
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would also be important to perform in vivo tests, study MNs skin toxicity, degradation, deter-
mination of penetration force in human skin, mechanical stability tests, safety studies, among
others. Another interesting approach would be integrate "lab-on-a-chip" systems on the MNs

to be used as health monitoring systems.

32



(4]

[10]

Bibliography

M. Hoffman. Picture of skin. 2014. urL: https://www.webmd.com/skin-problems-and-
treatments/picture-of-the-skin{\#}1.

L Engelke. “Recent insights into cutaneous immunization: How to vaccinate via the skin.”
In: Vaccine (2015), pp. 1-12. 1ssN: 2173-5808. por1: 10.1016/ j.vaccine.2015.05.012.

S. Indermun, R. Luttge, Y. E. Choonara, P. Kumar, L. C. Du Toit, G. Modi, and V. Pillay.
“Current advances in the fabrication ofmicroneedles for transdermal delivery.” In: Journal
of Controlled Release 128 (2008), pp. 99-112. 1ssn: 0168-3659. po1: 10.1016/j. jconrel.
2014.04.052.

M. M. Badran, J. Kuntsche, and A. Fahr. “Skin penetration enhancement by a microneedle
device (Dermaroller®) in vitro: Dependency on needle size and applied formulation.” In:
European Journal of Pharmaceutical Sciences 36.4-5 (2009), pp. 511-523. 1ssN: 09280987.
por1: 10.1016/j.ejps.2008.12.008.

S. Henry, D. V. McAllister, M. G. Allen, and M. R. Prausnitz. “Microfabricated micronee-
dles: A novel approach to transdermal drug delivery.” In: Journal of Pharmaceutical Sci-
ences 87.8 (1998), pp. 922-925. 1ssN: 00223549. por: 10.1021/js980042+.

A. S. Rzhevskiy, T. R. R. Singh, R. F. Donnelly, and Y. G. Anissimov. Microneedles as
the technique of drug delivery enhancement in diverse organs and tissues. Vol. 270. 2018,
pp. 184-202. 1sBN: 6175552849. por1: 10.1016/j. jconrel.2017.11.048.

J.J. Escobar-Chavez, D. Bonilla-Martinez, M. A. Villegas-Gonzalez, E. Molina-Trinidad,
N. Casas-Alancaster, and A. L. Revilla-Vazquez. “Microneedles: A valuable physical
enhancer to increase transdermal drug delivery.” In: Journal of Clinical Pharmacology 51.7
(2011), pp- 964-977. 1ssN: 00912700. po1: 10.1177/0091270010378859.

P. H. Lambert and P. E. Laurent. “Intradermal vaccine delivery: Will new delivery sys-
tems transform vaccine administration?” In: Vaccine 26.26 (2008), pp. 3197-3208. 1ssN:
0264410X. por: 10.1016/j.vaccine.2008.03.095.

S. H. Bariya, M. C. Gohel, T. A. Mehta, and O. P. Sharma. “Microneedles: An emerging
transdermal drug delivery system.” In: Journal of Pharmacy and Pharmacology 64.1 (2012),
pp. 11-29. 1ssn: 00223573. por: 10.1111/j.2042-7158.2011.01369. x.

M. Matteucci, M. Casella, M. Bedoni, E. Donetti, M. Fanetti, F. De Angelis, F. Gramatica,
and E. Di Fabrizio. “A compact and disposable transdermal drug delivery system.” In:
Microelectronic Engineering 85.5-6 (2008), pp. 1066-1073. 1ssnx: 01679317. por: 10.
1016/ j.mee.2007.12.067.

33


https://www.webmd.com/skin-problems-and-treatments/picture-of-the-skin{\#}1
https://www.webmd.com/skin-problems-and-treatments/picture-of-the-skin{\#}1
https://doi.org/10.1016/j.vaccine.2015.05.012
https://doi.org/10.1016/j.jconrel.2014.04.052
https://doi.org/10.1016/j.jconrel.2014.04.052
https://doi.org/10.1016/j.ejps.2008.12.008
https://doi.org/10.1021/js980042+
https://doi.org/10.1016/j.jconrel.2017.11.048
https://doi.org/10.1177/0091270010378859
https://doi.org/10.1016/j.vaccine.2008.03.095
https://doi.org/10.1111/j.2042-7158.2011.01369.x
https://doi.org/10.1016/j.mee.2007.12.067
https://doi.org/10.1016/j.mee.2007.12.067

BIBLIOGRAPHY

[11]

[14]

[15]

[17]

[19]

[21]

H. Marwah, T. Garg, A. K. Goyal, and G. Rath. “Permeation enhancer strategies in
transdermal drug delivery.” In: Drug Delivery 23.2 (2016), pp. 564-578. 1ssn: 15210464.
por: 10.3109/10717544.2014.935532.

S. P. Davis, B. J. Landis, Z. H. Adams, M. G. Allen, and M. R. Prausnitz. “Insertion
of microneedles into skin: Measurement and prediction of insertion force and needle
fracture force.” In: Journal of Biomechanics 37.8 (2004), pp. 1155-1163. 1ssn: 00219290.
por1: 10.1016/j. jbiomech.2003.12.010.

N.R. Hegde, S. V. Kaveri, and J. Bayry. “Recent advances in the administration of vaccines
for infectious diseases: Microneedles as painless delivery devices for mass vaccination.”
In: Drug Discovery Today 16.23-24 (2011), pp. 1061-1068. 1ssN: 13596446. por: 10.
1016/j.drudis.2011.07.004.

M. S. Gerstel and V. A. Place. “Drug delivery device - US 3964482 A.” In: 482.19 (1976).
URL: https://patents.google.com/patent/US3964482A/en.

S. Kaushik, A. H. Hord, D. D. Denson, D. V. McAllister, S. Smitra, M. G. Allen, and M. R.
Prausnitz. “Lack of pain associated with microfabricated microneedles.” In: Anesthesia
and Analgesia 92.2 (2001), pp. 502-504. 1ssn: 00032999. por: 10. 1213 /00000539 -
200102000-00041.

E. Larraneta, R. E. M. Lutton, A. D. Woolfson, and R. F. Donnelly. “Microneedle arrays
as transdermal and intradermal drug delivery systems: Materials science , manufacture
and commercial development.” In: Materials Science and Engineering: R104 104 (2016),
pp- 1-32. po1: 10.1016/j .mser.2016.03.001.

J. S. Kochhar, T. C. Quek, W. J. Soon, ]J. Choi, S. Zou, and L. Kang. “Effect of micronee-
dle geometry and supporting substrate on microneedle array penetration into skin.” In:
Journal of Pharmaceutical Sciences 102.11 (2013), pp. 4100-4108. 1ssn: 15206017. por:
10.1002/ jps.23724.

M. Cunha-Filho, G. Gelfuso, T. Gratieri, L. Sa-Barreto, and T. Reis. “Microagulhas: estado
da arte e aplicagoes médicas.” In: Brasilia Med 51(2).April (2015), pp. 159-168. por:
10.14242/2236-5117.2015v51n2a262p 159.

R. E. Donnelly, R. Majithiya, T. R. R. Singh, D. I. Morrow, M. J. Garland, Y. K. Demir,
K. Migalska, E. Ryan, D. Gillen, C. J. Scott, and A. D. Woolfson. “Design, optimization
and characterisation of polymeric microneedle arrays prepared by a novel laser-based
micromoulding technique.” In: Pharmaceutical Research 28.1 (2011), pp. 41-57. 1ssN:
07248741. po1: 10.1007/s11095-010-0169-8.

Q. L. Wang, D. D. Zhu, Y. Chen, and X. D. Guo. “A fabrication method of microneedle
molds with controlled microstructures.” In: Materials Science and Engineering C 65 (2016),
pp- 135-142. 1ssN: 09284931. por: 10. 1016/ j . msec.2016.03.097. urL: http:
//dx.doi.org/10.1016/j.msec.2016.03.097.

Y. C. Kim, J. H. Park, and M. R. Prausnitz. “Microneedles for drug and vaccine delivery.”
In: Advanced Drug Delivery Reviews 64.14 (2012), pp. 1547-1568. 1ssn: 0169409X. por:
10.1016/j.addr.2012.04.005. arXiv: 9605103 [cs].

34


https://doi.org/10.3109/10717544.2014.935532
https://doi.org/10.1016/j.jbiomech.2003.12.010
https://doi.org/10.1016/j.drudis.2011.07.004
https://doi.org/10.1016/j.drudis.2011.07.004
https://patents.google.com/patent/US3964482A/en
https://doi.org/10.1213/00000539-200102000-00041
https://doi.org/10.1213/00000539-200102000-00041
https://doi.org/10.1016/j.mser.2016.03.001
https://doi.org/10.1002/jps.23724
https://doi.org/10.14242/2236-5117.2015v51n2a262p159
https://doi.org/10.1007/s11095-010-0169-8
https://doi.org/10.1016/j.msec.2016.03.097
http://dx.doi.org/10.1016/j.msec.2016.03.097
http://dx.doi.org/10.1016/j.msec.2016.03.097
https://doi.org/10.1016/j.addr.2012.04.005
http://arxiv.org/abs/9605103

BIBLIOGRAPHY

[22]

[25]

[26]

[30]

[31]

S Gogolewski, M Jovanovic, P. SM, D. JG, and H. MK. “Tissue response and in vivo degra-
dation of selected polyhydroxyacids: polylactides (PLA), poly(3-hydroxybutyrate) (PHB),
and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHB/VA).” In: | Biomed Mater Res
27 (1993), pp. 1135-1148. por1: 10. 1002/ jbm.820270904.

A. Mahapatro and D. K. Singh. “Biodegradable nanoparticles are excellent vehicle for
site directed in - vivo delivery of drugs and vaccines.” In: Journal of Nanobiotechnology
(2011), pp- 1-11. 1ssn: 1477-3155. por: 10.1186/1477-3155-9-55.

S. C. hanprateep Napathorn. “Biocompatibilities and biodegradation of poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) produced by a model metabolic reaction-based system.” In: BMC
microbiology 14 (2014), p. 285. 1ssn: 14712180. por: 10.1186/s12866-014-0285-4.

L. T. Lim, R. Auras, and M. Rubino. “Processing technologies for poly(lactic acid).” In:
Progress in Polymer Science (Oxford) 33.8 (2008), pp. 820-852. 1ssn: 00796700. por:
10.1016/j.progpolymsci.2008.05.004. arXiv: arXiv:1011.1669v3.

P. A. Holmes. “Applications of PHB - A microbially produced biodegradable thermoplas-
tic.” In: Physics in Technology 16.1 (1985), pp. 32-36. 1ssN: 03054624. por: 10. 1088/
0305-4624/16/1/305.

L. Yu, K. Dean, and L. Li. “Polymer blends and composites from renewable resources.”
In: Progress in Polymer Science (Oxford) 31.6 (2006), pp. 576—602. 1ssn: 00796700. por:
10.1016/j.progpolymsci.2006.03.002.

A. Aramvash, S. Hajizadeh-Turchi, F. Moazzeni-zavareh, N. Gholami-Banadkuki, N.
Malek-sabet, and Z. Akbari-Shahabi. “Effective enhancement of hydroxyvalerate con-
tent of PHBV in Cupriavidus necator and its characterization.” In: International Journal
of Biological Macromolecules 87 (2016), pp. 397-404. 1ssn: 18790003. po1: 10.1016/j.
ijbiomac.2016.03.002.

H. Sato, Y. Ando, H. Mitomo, and Y. Ozaki. “Infrared Spectroscopy and X-ray Diffraction
Studies of Thermal Behavior and Lamella Structures of Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (P(HB-co-HV)) with PHB-Type Crystal Structure and PHV-Type Crystal
Structure.” In: Macromolecules 44.8 (2011), pp. 2829-2837. 1ssn: 0024-9297. por: 10.
1021/ma102723n.

R. M. R. Wellen, M. S. Rabello, G. J. M. Fechine, and E. L. Canedo. “The melting behaviour
of poly ( 3-hydroxybutyrate ) by DSC . Reproducibility study.” In: Polymer Testing 32.2
(2013), pp- 215-220. 1ssn: 0142-9418. po1: 10.1016/j.polymertesting.2012.11.001.

A.J.Owen, J.Heinzel, Z.Skrbi¢, and V.Divjakovi¢. “Crystallization and melting behaviour
of PHB and PHB/HV copolymer.” In: 33.7 (1992), pp. 1563-1567. por1: https://doi.
org/10.1016/0032-3861(92)90139-N.

M. G. Albuquerque, M. Eiroa, C. Torres, B. R. Nunes, and M. A. Reis. “Strategies for
the development of a side stream process for polyhydroxyalkanoate (PHA) production
from sugar cane molasses.” In: Journal of Biotechnology 130.4 (2007), pp. 411-421. 1ssN:
01681656. por: 10.1016/j. jbiotec.2007.05.011.

35


https://doi.org/10.1002/jbm.820270904
https://doi.org/10.1186/1477-3155-9-55
https://doi.org/10.1186/s12866-014-0285-4
https://doi.org/10.1016/j.progpolymsci.2008.05.004
http://arxiv.org/abs/arXiv:1011.1669v3
https://doi.org/10.1088/0305-4624/16/1/305
https://doi.org/10.1088/0305-4624/16/1/305
https://doi.org/10.1016/j.progpolymsci.2006.03.002
https://doi.org/10.1016/j.ijbiomac.2016.03.002
https://doi.org/10.1016/j.ijbiomac.2016.03.002
https://doi.org/10.1021/ma102723n
https://doi.org/10.1021/ma102723n
https://doi.org/10.1016/j.polymertesting.2012.11.001
https://doi.org/https://doi.org/10.1016/0032-3861(92)90139-N
https://doi.org/https://doi.org/10.1016/0032-3861(92)90139-N
https://doi.org/10.1016/j.jbiotec.2007.05.011

BIBLIOGRAPHY

[33]

[36]

[38]

[39]

[41]

[43]

K. Madhavan Nampoothiri, N. R. Nair, and R. P. John. “An overview of the recent develop-
ments in polylactide (PLA) research.” In: Bioresource Technology 101.22 (2010), pp. 8493—
8501. 1ssN: 09608524. por: 10.1016/j.biortech.2010.05.092.

A.J. R. Lasprilla, A. G. R. Martinez, B. H. Lunelli, J. E. J. Figueroa, A. L. Jardini, and
R. M. Filho. “Synthesis and Characterization of Poly ( Lactic Acid ) for Use in Biomedical
Field.” In: Chemical Engineering Transactions 24 (2011), pp. 985-990. 1ssn: 19749791.
por: 10.3303/CET1124165.

J. M. Dias, P. C. Lemos, L. S. Serafim, C. Oliveira, M. Eiroa, M. G. Albuquerque, A. M.
Ramos, R. Oliveira, and M. A. Reis. “Recent advances in polyhydroxyalkanoate produc-
tion by mixed aerobic cultures: From the substrate to the final product.” In: Macromolecu-
lar Bioscience 6.11 (2006), pp. 885-906. 1ssn: 16165187. por: 10.1002/mabi.200600112.

K. Shinyama and S. Fujita. “The effects of plasticizer on the mechanical and electrical
characteristics of PLA.” In: Proceedings of the International Symposium on Electrical Insu-
lating Materials (2008), pp. 267-270. po1: 10.1109/ISEIM.2008.4664548.

V. S. Giita Silverajah, N. A. Ibrahim, W. Md Zin Wan Yunus, H. A. Hassan, and C. B. Woei.
“A comparative study on the mechanical, thermal and morphological characterization of
poly(lactic acid)/epoxidized palm oil blend.” In: International Journal of Molecular Sciences
13.5(2012), pp. 5878-5898. 1ssN: 14220067. por: 10.3390/1 jms13055878.

F. C. Oliveira, M. L. Dias, L. R. Castilho, and D. M. Freire. “Characterization of poly(3-
hydroxybutyrate) produced by Cupriavidus necator in solid-state fermentation.” In: Biore-
source Technology 98.3 (2007), pp. 633-638. 1ssn: 09608524. po1: 10.1016/j.biortech.
2006.02.022.

R. M.d.S. M. Thir¢, L. C. Arruda, and L. S. Barreto. “Morphology and thermal proper-
ties of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)/attapulgite nanocomposites.” In:
Materials Research 14.3 (2011), pp. 340-344. 1ssn: 1516-1439. por: 10. 1590/51516 -
14392011005000046.

M. Ibrahim, A. Nada, D. E. Kamal, and J. Richardson. “Density functional theory and
FTIR spectroscopic study of carboxyl group.” In: Indian Journal of Pure & Applied Physics
3610.December (2005), pp. 911-917. 1ssN: 00195596. por: 10.1016/0032-3861(88)
90108-5. arXiv: arXiv:1011.1669v3.

S. Jindasuwan, P. Sujaridworakun, S. Jinawath, and S. Supothina. “Effect of heat treat-
ment temperature on surface topography and hydrophobicity of polydimethylsiloxane/ti-
tanium oxide hybrid films.” In: Macromolecular Symposia 264.1 (2008), pp. 90-94. 1ssN:
15213900. por: 10.1002/masy.200850414.

J. H. Park, M. G. Allen, and M. R. Prausnitz. “Polymer microneedles for controlled-release
drug delivery.” In: Pharmaceutical Research 23.5 (2006), pp. 1008-1019. 1ssN: 07248741.
por: 10.1007/s11095-006-0028-9.

T. T. Nguyen and J. H. Park. “Human studies with microneedles for evaluation of their
efficacy and safety.” In: Expert Opinion on Drug Delivery 15.3 (2018), pp. 235-245. 1ssN:
17447593. por: 10.1080/17425247.2018.1410138.

36


https://doi.org/10.1016/j.biortech.2010.05.092
https://doi.org/10.3303/CET1124165
https://doi.org/10.1002/mabi.200600112
https://doi.org/10.1109/ISEIM.2008.4664548
https://doi.org/10.3390/ijms13055878
https://doi.org/10.1016/j.biortech.2006.02.022
https://doi.org/10.1016/j.biortech.2006.02.022
https://doi.org/10.1590/S1516-14392011005000046
https://doi.org/10.1590/S1516-14392011005000046
https://doi.org/10.1016/0032-3861(88)90108-5
https://doi.org/10.1016/0032-3861(88)90108-5
http://arxiv.org/abs/arXiv:1011.1669v3
https://doi.org/10.1002/masy.200850414
https://doi.org/10.1007/s11095-006-0028-9
https://doi.org/10.1080/17425247.2018.1410138

BIBLIOGRAPHY

[44]

A. Aramvash, S. Hajizadeh-Turchi, F. Moazzeni-zavareh, N. Gholami-Banadkuki, N.
Malek-sabet, and Z. Akbari-Shahabi. “Effective enhancement of hydroxyvalerate con-
tent of PHBV in Cupriavidus necator and its characterization.” In: International Journal
of Biological Macromolecules 87 (2016), pp. 397-404. 1ssn: 18790003. po1: 10.1016/j.
ijbiomac.2016.03.002.

37


https://doi.org/10.1016/j.ijbiomac.2016.03.002
https://doi.org/10.1016/j.ijbiomac.2016.03.002




Annex 1

Figure I.1: Cross-section of the engraved models of table 3.6 in PDMS molds.
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