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Abstract

Gene gun assisted micro-particle delivery system is an excellent method for the delivery of
DNA into target tissue so as to carry out gene transfection in the target cells. The gene gun is
primarily a particle accelerator which accelerates DNA-coated micro-particles to sufficient
velocities to breach the target layer enabling the micro-particles to penetrate to a desired
depth and target the cells of interest to achieve gene transfer. However, an inevitable problem
in this process is the tissue/cell damage due to the impaction of the pressurized gas and

micro-particles on the target.

The purpose of this research is developing a new conceptual system which improves the
penetration depth of micro-particles at less imposed pressure and particle injection velocity.
This is achieved by applying a microneedle array and ground slide in the gene gun system,
thus a study involving microneedle assisted micro-particle delivery is conducted in this work.
Microneedle array is used to create holes in the target which allows a number of
micro-particles to penetrate through the skin which enhances the penetration depth inside
target. The ground slide is used to load a pellet of the micro-particles and prevent the
pressurized gas to avoid the impaction on the target. The operation principle is that the pellet
is attached to ground slide which is accelerated to a sufficient velocity by the pressurized gas.
The pellet is released from the ground slide which separates into individual micro-particles by

a mesh and penetrates to a desired depth inside the target.

An experimental rig to study various aspects of microneedle assisted micro-particle delivery
is designed in this PhD research. The passage percentage of the micro-particles and size of the
separated micro-particles are analysed in relation to the operating pressure, mesh pore size
and Polyvinylpyrrolidone (PVP) concentration to verify the applicability of this system for

the micro-particle delivery.

The results have shown that the passage percentage increases from an increase in the mesh
pore size and operating pressure and a decrease in PVP concentration. A mesh pore size of
178 um and pellet PVP concentration of 40 mg/ml were used for the bulk of the experiments
in this study as these seem to provide higher passage percentage and the narrow size
distribution of the separated micro-particles. In addition, the velocity of the ground slide is

detected by the photoelectric sensor and shown that it increases from an increase in operating
i



pressure and reaches 148 m/s at 6 bar pressure, A further analysis in the penetration depths of
the micro-particles to determine whether they achieve enhanced penetration depths inside the
target after using microneedles is carried out. A skin mimicked agarose gel is obtained from
comparing the viscoelastic properties of various concentration of agarose gel in comparison
with the porcine skin, which is assumed to mimic the human skin. These experiments are used
to relate the micro-particle penetration depth with the operating pressure, microneedle length

and particle size.

In addition, a theoretical model is developed based on the experimental data to simulate the
microneedle assisted micro-particle delivery which provide further understanding of the
microneedle assisted micro-particle delivery. The developed model was used to analyse the
penetration depth of micro-particles in relation to the operation pressure, target properties,
microneedle length and particle size and density. The modelling results were compared with
the experimental results to verify the feasibility of the microneedle assisted micro-particle
delivery for micro-particles delivery. As expected, both experimental and theoretical results
show that the micro-particles achieve an enhanced penetration depth inside target. The
maximum penetration depth of micro-particles is increased from an increase in operating

pressure, microneedle length, particle size and density.
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1. Introduction

1.1 Problem Statement

Particle gene transfer has been used for transferring genes into plant cells for many years, but
this technique has been modified so that it is suitable for use in mammalian cells too. It
requires a gene gun system which can accelerate deoxyribonucleic acid (DNA) coated
micro-particles to breach the skin and further deliver into biological cells to achieve gene
transfer. It indicates that the gene gun system is an advanced technology for the transdermal
gene delivery. However, the skin provides a great resistance on the process of the particle
delivery especially the top layer of stratum corneum, and the viable epidermis is the
applicable layer for gene therapy which means the micro-particles require penetrating into the
epidermis layer of the skin or further (Ziegler, 2008). This makes gene gun system an area of
very broad research where the research community attempts to seek out a variety of ways to

deliver DNA coated micro-particle to a deeper depth through the skin barrier.

In recent years various methods have been attempted to increases the penetration depth of the
micro-particle, which can vary the particle size, density and velocity. However, the maximum
penetration of the micro-particle only can breach the stratum corneum and end inside the
epidermis layer of the tissue for the existed gene gun systems. Therefore, the epidermis layer
is normally considered to be the target tissue for gene delivery due to its accessibility (Trainer
et. al. 1997). However, a high pressure is required for those gene gun systems, which might
damage the tissue after the impaction of the pressurized gas on the skin. In order to satisfy
both reduced tissue damage and increased penetration depth of the micro-particle in the target,
an innovative concept of combining microneedles with a particle delivery system, namely
microneedle assisted micro-particle delivery system, is proposed in this work. The operating
principle of micro-particle delivery is that a pellet of micro-particles is loaded on the ground
slide which is accelerated by the pressurized gas to a sufficient velocity. The pellet will be
released after the ground slide reaches the end of the barrel, separated to a narrow size

distribution of small micro-particles by a mesh, and then penetrated into the target.

Microneedle assisted micro-particle delivery is a novel field of gene gun system which
requires using solid microneedles to make some holes on the skin, and a number of
micro-particles may penetrate further through the holes. In addition, the system is used a
ground slide to prevent the pressurized gas to avoid the impaction on the skin to achieve the

purpose of less tissue damage. In order to exhibit the advantage of the microneedle assisted
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micro-particle delivery, a quantitative analysis between the key variables of this system and
the particle penetration depth inside the target is required. Such is the major purpose of

microneedle assisted micro-particle delivery research.

1.2 Objectives

The overall aim of this research is to explore a low cost way for effective micro-particle
delivery into human body. Gold particle was widely used as micro carriers in biolistic
bombardment because of their high density, low toxicity and chemically inert. In our research,
the use of stainless steel and tungsten as a replacement for gold will be investigated due to the
lower cost, and the penetration depth of stainless steel and tungsten particles will be analysed
to verify the improvement of microneedle assisted micro-particle delivery if compared with
any other gene gun systems. As introduced, the major method being explored is via a new
injection system which is based on microneedles to overcome the tissue to achieve the
effectively particle delivery process to target. This involves gaining an understanding of the
micro-particle delivery process and microneedle insertion mechanics. The thesis
progressively present a theoretical model that has been developed in this research and reports

a microneedle assisted micro-particle delivery system which is based on this model.

The specific objectives of the research are as follows:
o Design an experimental rig based on the purposed design of the microneedle assisted

micro-particle delivery.

e Mimick the porcine skin by investigating a special concentration of agarose gel which

has close dynamic viscoelastic properties to porcine skin

e Investigate the passage percentage of the pellet in relation to the operating pressure,
mesh pore size and PVP concentration, and further to find out the suitable mesh pore size
and PVP concentration for the microneedle assisted micro-particle delivery system based

on the analysis of the separated particle

o Apply the skin mimicked concentration of agarose gel in the experiment to carry out
numerical analysis to identify the effects of various parameters on the particle
penetration depth. The parameters considered here are the size of the microneedle,

operating pressure, PVP concentration, mesh pore size and micro-particle density.

e Compare the stainless steel particle penetration depth by using microneedle assisted

micro-particle delivery with particle penetration depths based on normal gene gun to
2



ensure the improvement of this system.

o Develop a theoretical model to relate the microneedle assisted micro-particle delivery to
particle transfer process. Compare the theoretical results with the experimental results to

verify the applicability of the model.

e Compare the penetration depth of tungsten micro-particles with stainless steel to
determine the density and size effects on the penetration depth based on the experimental

and theoretical studies.

1.3 Thesis Outline

There are a total of seven (7) chapters which make up this thesis including a final chapter on
the conclusion and recommendations from this thesis. Chapter 1 presents an introduction
which focus on the brief background, aims of the research and relevance of this research

work.

Chapter 2 gives a background on this research include gene gun systems, recommended
particle material and size, gas and particle, a description of the microneedle assisted
micro-particle delivery system, microneedle design, microneedle insertion in the skin, the
effect of the physical approaches on drug delivery, modelling micro-particle transport in skin
to understand the basic knowledge of gene gun system for micro-particle delivery and the

operation principle for the experimental rig.

Chapter 3 presents the method and materials of the experimental rig based on the purposed
design of the microneedle assisted micro-particle delivery. In this chapter, the applied
chemicals, and equipments are introduced. In addition, the detail experimental methods for
the detection of ground slide velocity and passage percentage of the pellet after separation are
explained. Based on the experimental rig, carry out numerical analysis to identify the effects
of various variables on the ground slide acceleration, passage percentage. The variables
considered on ground slide acceleration are materials and the size of the barrel. However, the
passage percentage analysis is the major purpose. These are analysed in relation to the
operating pressure, PVP concentration and mesh pore size. In addition, the pellet separation
condition is analysed based on the analysis of the separated particle size. Finally, the
micro-particle penetration in a 2 g/ml concentration of agarose gel is briefly discussed to

investigate the improvement of the microneedle assisted micro-particle delivery.



Chapter 4 presents the improved design of the experimental rig which is specific for the
analysis of the particle penetration. The upgraded experimental method and the methods of
the penetration depth measurement and skin mimicking are explained. The results of the
dynamic vsicoelastic property of the porcine skin and the agarose gel mimicking porcine skin
are discussed. The particle penetration in the skin mimicked concentration is major objective
which analysed in relation to the operating pressure, particle size, microneedle length mesh
gel concentration to further demonstrate the improvement compare with the existed gene gun

systems.

Chapter 5 shows the simulation study of the microneedle assisted micro-particle delivery. The
detailed parameters considered in the experimental rig are introduced; thereby a theoretical
model is developed based on these parameters. A comparison of the hollow and solid
microneedles assisted micro-particle delivery systems is discussed briefly to state the reason
to choose solid microneedles for the system using this model. Besides, a comparison of the
penetration depth of stainless steel particle between the model and experimental results is
detailed discussed to further to show the achievement of the enhanced penetration depth of
micro-particles and the reliability of the model for the solid microneedle assisted

micro-particle delivery system.

In Chapter 6 the tungsten micro-particle is applied to compare with the stainless steel
micro-particles. In the experiment, the effects of the operating pressure and microneedle
length on the penetration depth of the tungsten micro-particles are discussed. Besides, a
comparison of the penetration depth between stainless steel and tungsten particles has been
done. In the model, the penetration depth is analysed in relation to operating pressure, particle
size and microneedle length. The model results are compared with experimental result to
prove the advantage of microneedle assisted micro-particle delivery system and further to
demonstrate the applicability of the model. In addition, the passage percentage of the tungsten

pellet is illustrated and compared with the stainless steel pellet.

Conclusions and recommendations are presented in Chapter 7.



2. Literature review

2.1 Chapter Overview

Gene guns have been used to deliver deoxyribonucleic acid (DNA) loaded micro-particle and
breach the muscle tissue to target cells of interest to achieve gene transfection. This chapter
aims to discuss the potential of microneedle (MN) assisted micro-particle delivery from gene
guns, with a view to reducing tissue damage. Using a range of sources, the main gene guns
for micro-particle delivery are reviewed along with the primary features of their technology,
e.g., their design configurations, the material selection of the micro-particle, the driving gas
type and pressure. Depending on the gene gun system, the achieved penetration depths in the
skin are discussed as a function of the gas pressure, the type of the gene gun system, and
particle size, velocity and density. The concept of MN-assisted micro-particles delivery which
consists of three stages (hamely, acceleration, separation and deceleration stage) is discussed.
In this method, solid MNs are inserted into the skin to penetrate the epidermis/dermis layer
and create holes for particle injection. Several designs of MN array are discussed and the
insertion mechanism is explored, as it determines the feasibility of the MN based system for
particle transfer. The review suggests that one of the problems of gene guns is that they need
high operating pressures, which may result in direct or indirect tissue/cells damage. MNs
seem to be a promising method which if combined with the gene guns may reduce the
operating pressures for these devices and reduce tissue/cell damages. There is sufficient

potential for MN-assisted particle develivery systems.

2.2 Introduction

A Gene gun, involving “particle bombardment” or “biolistic delivery” is a particle
accelerator, which can deliver deoxyribonucleic acid (DNA) loaded micro-particles at
sufficiently high velocitiesto breach the surface of target tissue and to penetrate to a depth to
achieve gene transfection in the cells. A Gene gun is considered to be a unique concept which
was first used to deliver genetic materials into plant cells (Klein et al., 1987; Klein et al.,
1992; Sanford et al., 1993; Svarovsky, 2008; Huang et al., 2011; O’Brien and Lummis, 2011;
Manjila et al., 2013). The technique has been used to transfer DNA-coated micro-particles to
achieve gene transfection into many types of cells and organs (e.g., Meacham et al., 2013;
Bennett et al., 1999), for example, mammals (Cao et al., 2013; Ettinger et al. 2012; Da’dara
et al., 2002; Kuriyama et al., 2000; Sakai et al., 2000; Williams et al., 1991), plants



(Kuriakose et al., 2012; Zuraida et al., 2010; Klein et al., 1992), artificially cultured cells
(O’Brien and Lummis, 2011; O’Brien and Lummis, 2006), fungi (Gu et al., 2011; Armaleo et
al., 1990) and bacteria (Nagata et al., 2010; Smith et al., 1992). A number of commercial
gene guns have been manufactured and used for in vivo gene transfection in plants, living
animals, cultured cells, e.g., the PowderJect system developed originally by the University of
Oxford (UK) (Bellhouse et al., 2006), the Helios gene gun by Bio-rad, Hercules, CA (USA)
(Belyantseva, 2009), and the SJ-500 portable gene gun by Biotech instrument, New Jersey
(USA). The Helios and portable gene guns are shown in Figure 2.1. In a research context,
Da’dara et al. (2002) have used a Helios gene gun to delivery Sm23-pcDNA (an integral
membrane protein) to mice to evaluate the immunogenicity of the protective efficacy of the
DNA vaccination. Ahlen et al. (2013) have used a Helios gene gun to explore a method for

monitoring hepatitis B and C viruses (HBV/HCV) specific to immune responses in mouse.

Loading the micro-particles with DNA (for example onto gold particles) is an important step
in using this technology as discussed by Zhao et al. (2012), O’Brien and Lummis (2011,
2006), Rao (2010); Satish (2009) Svarovsky et al. (2008) and Thomas et al. (2001).

However, a detailed discussion on these issues is outside the scope of these research.

Such guns have been proposed for gene delivery in the treatment of some of the major
diseases such as cancer (Nguyen-Hoai et al., 2012; Aravindaram et al., 2009; Han et al., 2002;
Chen et al., 2002). These researchers have fired gene loaded micro-particles into mammalians
or cultured cells instead of humans to study gene expression and cell damage. For example,
Yoshida et al. (1997) used a gene gun to deliver DNA coated Au micro-particle into the liver
of living rat at 250 psi (17.2 bar) pressure, which resulted in a good gene expression but
caused a number of cell deaths. The work also showed that cell damage was not obtained
below 150 psi of pressure. Sato et al. (2000) have used various types of gene guns to transfer
genes into live rodent brain tissue, which confirmed gene expression but with mechanical
damage to cells. Uchida et al. (2009) have fired plasmid DNA into cultured mammalian cells
(e.g., human embryonic kidney (HEK293) cell, human breast adenocarcinoma (MCF7) cell)
using a gene gun, which showed that transfection is achieved in the cells but the cell damage
occurs at operating pressures greater than 200 psi (~13.8 bar). O’Brien and Lummis (2011)

have cultured HEK293 cells as a target for the biolistic transfection using a gene gun. Their



work showed that nano-particles gave a similar performance to micro-particles for biolistic

transfection, but created less cell damage.

The above works show that cell damage may be a problem for biolistic micro-particle
delivery due to significant gas and particle impactions on the tissue. This also means that
while gene guns have been reported to be successful in many instances, they may have some
disadvantages. Generally, for most gene gun systems, the maximum penetration of the
micro-particle can breach the stratum corneum and end inside the epidermis layer of the
tissue (Yager et al., 2013; Liu, 2006; Quinlan et al., 2001; Bennett et al., 1999). The
epidermis layer is normally considered to be a target site for gene delivery where langerhans
cells are located (Soliman et al., 2011; Liu, 2006; Quinlan et al., 2001; Trainer et al., 1997).
However, a high pressure is required for most gene guns, which might damage the tissue after

the impaction of the pressurized gas on the skin.

Figure 2.1: Left: The commercial hand-held gene gun of SJ-500 (Biopex, 2013), Right: The

commercial Helios gene gun (Bio-rad, 2013)

Cell damage can be reduced by decreasing the particle size and/or operating pressure as both
reduce the impact forces. In order to satisfy these conditions and, possibly, increase the
penetration depth of the micro-particle in the target, an innovative concept of combining MNs
with a particle delivery system, namely MN assisted micro-particle delivery, has been
proposed recently by Zhang et al. (2013) (Chapter 3). The MNs are discussed in section of
this chapter. The operating principle of the micro-particle delivery in this approach is that a

pellet of micro-particles is loaded on a ground slide which is accelerated by a pressurized gas
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to a sufficient velocity. The pellet is released after the ground slide reaches the end of a barrel
in the system, and separates into micro-particles of a narrow size distribution by impaction on
an open mesh; these separated micro-particles then penetrate into the desired target. The
resistance of the target/skin to the penetration of the micro-particles is reduced using MN to
create a number of holes through which the micro-particles can enter without the need for

very high gas pressures.

MN assisted micro-particle delivery seems to be a promising approach for dry particulate
delivery but the potential of this method needs to be discussed thoroughly as it is still at an
early stage of development. To this end, the main types of gene gun systems for
micro-particle delivery and their operating principles are reviewed. The micro-particle
material and size for the previous gene guns are discussed, and the used gas and achieved
particle velocity are studied as well to enrich the background of the previous gene gun

systems.

In this chapter, MN arrays are discussed to understand how various geometries affect
penetration of the target material and formation of holes which remain after the needles are
removed. The discussion provides relevant background knowledge and a sound foundation
for further improvement of gene gun systems with the help ofMN assisted micro-particle
delivery. to achieve similar levels of the penetration depth, but with less cell damage. To
further understand the advantage of MN assisted micro-particle delivery, a comparison with
other physical cell targeting approaches is discussed. Finally, some simplified models of the
micro-particle delivery in the skin are described, which will be useful in predicting the

penetration depths achieved by MN assisted gene gun delivery.

2.3 Main gene guns

2.3.1 Configurations and operating conditions

Based on the principles of the operation process and driving forces, we define that the gene
guns can be divided into three types, namely: powder gene gun, high-voltage electric gene

gun and gas gene gun.

A powder gene gun is the original device which uses an ignition gunpowder as a driving force
to promote the movement of bullets of macro-projectiles, and thus accelerating the

8



micro-particles which are loaded on to the bullet (Huang et al., 2011; O’Brien and Lummis,
2007; Zhou, 1995; Klein et al., 1987; Sanford et al., 1987). An electric gene gun uses a high
voltage (HV) to vaporize water droplets; the expanding gas is used to achieve the acceleration
of micro-particle (Christou et al., 1990). A gas gene gun releases a high pressure to accelerate
the micro-particles (or micro-particles loaded ground slide) to a sufficient velocity to breach
the barrier of the target (Zhang et al., 2013; Soliman et al., 2011; Liu, 2007; Kendall et al.,
2002; Zhou, 2000).

Firing pin  Nylon macro-projectile Vents Target

i% 15 % < \ E &

JV v l

Blank Charge  Micro-particles Gun barrel

Figure 2.2: A schematic sketch of the powder gun (redrawn from Klein et al. (1987))

Powder gene guns were originally developed to deliver genetic material coated
micro-particles into plant cells (Klein et al., 1987; Klein et al., 1992; Svarovsky, 2008;
O’Brien and Lummis, 2011; Manjila et al., 2013). As shown in Figure 2.2, an explosion of
gun powder accelerates DNA-coated micro-particles attached onto the front surface of the
macro projectile. Klein et al. used tungsten micro-particles of 4 pm average diameter, which
could be accelerated to 400 m/s. However, the explosion of the gun powder is noisy and may

cause cell/tissue damage.

Zhou (1995) improved the design of Klein et al. (1987) and patented a powder gun
(Figure 2.3) which is composed of a gun body, a gun barrel, a ground slide, a baffle plate and
a baffle plate fixed pipe.An ignition of gunpowder caused the bullet to accelerate and hit a
ground slide, which then impacts on a baffle plate. Thus, the micro-particles gain an initial
velocity to leave the ground slide, pass through the central hole of the baffle plate and
penetrate into the tissue. The advantage of this powder gene gun is that the use of ground
slide can reduce the explosion damage to tissue. The base is designed as a shock absorber to

reduce the recoil force, using a spring attached to the firing pin.



Christou et al. (1990) have used a type of electronic gene gun to deliver DNA-coated gold
micro-particles into soybean seeds;a schematic sketch of the high-voltage electric gene gun is
shown in Figure 2.4. Yang et al. (1990) have applied an electronic gene gun to transfer genes
into tissue and liver of amouse using 1-3 um diameter golden particles. The disadvantage of
their gun is that a high voltage up to 18 kV is required to deliver a micro-particle
penetration depth of 125 um. Recently, Ikemoto et al. (2012) used a type of high-voltage
electric gene gun, namely, an electrospray device to accelerate liquid droplets in a high

voltage (12 kV) to collide with DNA coated micro-particles and deliver them into living cells.

Spring Bullet Gas outlet hole  Ground slide  Fixity

A A T ’—fT L—+—

D] | —
R S ] =gl

Firi i Gun barrel v
Screw iring pin  Powder Baffle Plate

Figure 2.3: The layout of powder gene gun (redrawn from Zhou (1995))

Gas gene guns can be classified into two different delivery methods. The first uses a high
pressure gas to push the micro-particle coated ground slide to achieve the goal of particle
acceleration. The disadvantage is that a very high operating pressure is required to achieve the
desired micro-particle impact velocity. However, the advantage is that the ground slide
prevents the released gas from impacting on tissue. The second method mainly uses a high
pressure gas (e.g., N2, He) to directly push the DNA-coated micro-particles to a sufficient
velocity to breach the stratum corneum, penetrate into the epidermis layer of the skin or
deeper tissues. The disadvantage is that very high gas pressure may damage the tissue. The
advantage is that the micro-particle can reach a desired velocity under lower operation

pressure as the micro-particles have very small mass.

Using the principles of the first delivery method, Zhou (2000) has invented a kind of
high-pressure gene gun which consists of a casing, the compressed gas inlet pipe, emitting
cavity and bombarding cavity. The schematic diagram of this gun is shown in Figure 2.5
which shows both the states of the gun before and after operation. The emitting cavity

consists of an air storage house, membrane, bullet, baffle plate and sample holder. The
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membrane will be ruptured when the air storage house reaches a certain pressure. High
pressure gas is able to accelerate the bullet to the baffle plate. Since the bullet is blocked by
the baffle plate, the coated particles will leave the surface of the bullet, go through the centre
hole of the baffle plate and launch into the sample, thus completing the gene injection. In
addition, the gas will be released from the vent hole. It has been claimed that this instrument
has good stability, high efficiency, does not produce impurities, and particles can also attain a

higher initial speed. However, it is generally applied for plant tissues.

Stopping screen

HV (+)

7 L

/H\7 )

Water drop let  Micro-particles Target

Figure 2.4: The schematic sketch of the high-voltage electric gene gun (redrawn from

Christou et al. (1990))

Mitchell et al. (2003) have conducted many experimental and numerical studies on the light
gas gun (LGG) as shown schematically in Figure 2.6. The LGG uses a high pressure helium
gas to drive the micro-particle coated ground slide to a certain velocity. In this case, the
polystyrene particles of 99 um diameter have been usedand the impact velocities of the
particles have been shown to reach 170, 250 and 330 m/s under 20, 40 and 60 bar operation

pressures.

Williams et al. (1991) have studies a helium-driven gene gun which is somewhat similar to
the design of Zhou’s (2000) as shown in Figure 2.7. In this case, a membrane in the system
breaks after the gas pressure reaches a certain value. The micro-projectiles are accelerated by
the helium gas and separated well by a stopping screen. In addition, the large particle is
blocked by a screen to avoid tissue damage. In this case, golden particles of 1 - 3 umand 2 -
5 um diameters have been fired and penetration depths of 150 um and 200 um have been

obtained in a mouse liver under 1300 psi operating pressure.
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Figure 2.5: The schematic diagram and principle of high-pressure gas gene gun (redrawn

from Zhou (2000))
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Figure 2.6: The schematic sketch of light gas gun (redrawn from Mitchell et al. (2003))

Kendall (2002) has reported a contoured shock tube which is shown in Figure 2.8. In this
case, the compressed gas will pressurize the membrane, and the micro-particle will be
accelerated by a shock wave as the gas pressure rises to the point where the membrane
ruptures. Liu et al. (2004a) and Liu (2006) have described an injection device, namely
PowderJect (Figure 2.9), which uses helium gas as the source of momentum. A
triggeractuates a mechanism to release helium gas which expanded to accelerate the
micro-particles to a sufficient momentum to pierce the outer layer of the target and into the

cells of interest.
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Figure 2.7: The schematic sketch of helium-driven gene gun (redrawn from Williams et al.

(1991))
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Figure 2.8: The schematic diagram of contoured shock tube (redrawn from Kendall (2002))

Zhang et al. (2007) have introduced the principle of the Helios gene gun which contains

acceleration, separation and deceleration stages. The process of micro-particle delivery is

shown in Figure 2.10. This gene gun uses helium gas to accelerate

DNA-coated

micro-carriers which are separated by a stopping screen. The separated micro-particles exit

from the gene gun at high speed, penetrate the tissue to the targeting area, enter into the cell

and hit the nucleus membrane.

13



Actuating pin Trigger  Sonic Throat Powder cassette
A

—
—] LHJ

4
\:ﬂ_‘ /
5ml BOC cylinder =
ﬂk/—,_ g
_\‘ |:

e A T

Tip housing  Filter Parallel section Conical section 10mm vented spacer

L

Figure 2.9: A schematic diagram of the PowderJect (redrawn from Liu (2006))
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Figure 2.10: Gene transfer stages of the biolistic gene gun (redrawn from Zhang et al. (2007));

L,, Ls and L are the distance of acceleration, separation and deceleration stages.

In addition, Zhou (2007) has created a special liquid gene sprayer (Figure 2.11) which is
different from the above three gene gun types. It has been used to deliver liquid-form
medication into the human bodyand consists of an interconnected casing and magazine. The
magazine comprises of a hollow cylinder and sliding piston rod set; emission holes are
arranged at the front end of the cylinder and the front end of the casing is fixed to rear end
opening. An energy-storage driving mechanism consists of a spring and impeller and set in
the internal cavity of the casing. The impeller moves backward to press the spring to store he
energy, and pushes forward by a driving force from the released spring. This device uses a
small volume energy storage device to inject the required amount of biological gene, and does
not need any separate air supply equipment; it is easy to handle and carry. It uses the liquid as
the DNA particle’s carrier and hence golden particles are not required in this device. The

DNA particles will be suspended in the liquid. Before using this device, the head of the
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hollow cylinder is inserted into the DNA particle coated liquid, and the sliding piston rod is
pulled outto extract the liquid and load the gun. Then the spring is compressed very tightly,
storing energy, which is released to (see Figure 2.11a). accelerate the impeller and sliding
piston rod; then the DNA particle coated with liquid are pushed out from the emission hole
and penetrate into the tissue of plant or human to the target cells of interest. The state of the

liquid gene gun after injection is shown in Figure 2.11b.
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Figure 2.11: The liquid gene sprayer: A: The liquid gene gun at energy storage state, B: The

state of liquid gene gun after injection (redrawn from Zhou (2007))

Recently, Menezes et al. (2012) have designed an advanced laser plasma jet (see Figure 2.12)
to deliver DNA-coated micro-particle. The operating principle is that a laser beam is fired
and ablates a thin aluminum foil, using lenses for focusing. The laser ablation is confined by
the BK7 glass overlay to improve performance. Thus, it causes the foil to evaporate into an
ionized vapor and the sudden blow-off causes a shock wave to breach the foil to accelerate
DNA coated micro-particles. The device provides micro-particles impact velocities of up to
1100 m/s, which is faster than other gen guns (e.g. CST, LLG). However, this technique is

costly due to the use of laser ablation.

15



Laser beam

Diverging lens

< > Collimating lens
< > Focusing lens
T \/ BK7 glass overlay

Drugcoated ____——0®o®OE —0 Thin Al foil

micro-particles

Laser ablation

Soft target

Figure 2.12: The schematic of the laser plasma jet (redrawn from Menezes et al. (2012))

2.3.2 Micro-particle material and size

The materials and size of the micro-particles which are used in gene guns have significant
importance on the operation of the system, e.g. by determining the routes and extent of
particle penetration into tissue. In general, the routes of the micro-particle penetration in the
tissue are normally divided into two types, which are the extracellular and intercellular routes
(Bryan et al., 2013; Soliman, 2011; Mitchell et al., 2003). As presented in Figure 2.13(a-b),
the penetration routes of the micro-particles in tissue depend on the particle size. The
extracellular route is followed for large particle delivery, e.g., for epidermal powder
immunization (Soliman, 2011; Hardy et al., 2005). An illustration of the range of particle
material and sizes for the relevant gene gun systems is listed in Table 2.1. It shows that the
extracellular route is normally followed for the less dense materials (e.g., stainless steel,
polystyrene and glass) with diameters ranging from 15 to 99 um. Hardy et al. (2005) have
reported that particle diameters ranging from 25 to 100 pum are expected to follow the
extracellular route, as their momentum is insufficient to breach the target barrier of target, due
to the combination of relatively low density and small size. It has been recommended that
stainless steel or polymer micro-particles should be used for extracellular routes, due to their
biocompatibility and low cost (Soliman, 2011; Sung et al., 2011; Singh and Dahotre, 2007;
Binyamin et al., 2006; Disegi et al., 2000).
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In contrast, the intercellular route (e.g. for DNA immunization), uses smaller size, but much
more dense gold or tungsten micro-particles (Soliman, 2011; Mitchell et al., 2003). In order to
deliver DNA into cells effectively, dense materials are preferred which are prepared into
micro-particles of diameters ranging from 0.6 to 6 pm (Soliman, 2011; Rao, 2010; Hardy et
al., 2005) which are also smaller than the cell diameters. High-speed micro-particles breach
the skin and may penetrate through the individual cell membranes. It is well known that the
most recommended material of these micro-particles for gene gun system is gold due to its
high density, low toxicity and lack of chemical reactivity (Valenstein, 2012; Rosi et al., 2006;
Macklin, 2000). However, tungsten micro-particles have also been used as micro carriers in
gene gun systems, due to their lower cost. Tungsten particles have some disadvantages for
genetic transformation, such as non-biocompatibility and toxicity (Bastian et al., 2009;
Yoshimisu et al., 2009; Russell et al., 1992). Recently, Hou et al. (2013) have used titanium
dioxide (TiO,) for biolistic micro-particle delivery due to their biocompatibility (Singh and
Dahotre, 2007) and low density (2 g/cm®) which may reduce the cell damage after particle
impaction. The particle impaction may cause cell damage (O’Brien and Lummis, 2011; Sato

et al., 2000), which is a significant area for gene gun research.

Impact Direction
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Figure 2.13: Schematic diagram of the extracellular and intercellular failure mechanisms (a):

extracellular failure mechanism for large particles (b): intercellular failure mechanism for

small particles (redrawn from Mitchell et al. (2003)).
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Table 2.1: lllustration of the particle material and size for the relevant gene gun systems

Type of gene gun Material of Particle Average diameter of  Reference
particles density(g/cm3) micro-particles(um)
Powder particle gun Tungsten 19.25 4 Klein et al. (1987)
Helium-driven apparatus ~ Tungsten 19.25 3.9 Williams et al. (1991)
(HDA) Gold 19.3 1-3,3-5
Conical nozzle (CN) Polymeric 0.9 4.7,15.5and 26.1 Quinlan et al. (2001)
Converging-diverging Polystyrene 1.05 4.7 Kendall et al. (2004a)
nozzle (CDN)
Pneumatic gun (PG) Gold 19.3 0.47+£0.15,1.1+£0.1 Rinberg et al. (2005)
Silicon 2.33 2-18 Zilony et al. (2013)
Gold 19.3 1.6
Light gas gun (LGG) Stainless steel 8.0 25 Mitchell et al. (2003)
Contoured shock tube Polystyrene 1.05 15.5, 25.2, 48
(CST)/LGG and 99
CST Gold 19.3 3.03 Truong et al. (2006)
Polystyrene 1.05 15 and 48
Glass 2.5 46
Gold 19.3 2.7and 3.5
Polystyrene 39+1 Liu et al. (2006)
Helios gene gun Gold 19.3 0.6,1.0and 1.6 Uchida et al. (2009)
1 O’Brien and Lummis
(2011); Kuriakose et
al. (2012);
Cao et al. (2013)
Biolistic PDS/1000 Gold 19.3 0.6,1.0and 1.6 Zuraida et al. (2010)
Helium system
BioWare low pressure Gold 19.3 1 Yen and Lai (2013)

gene gun

18



2.3.3 Gas pressure and particle velocity

Up to now, gene gun systems have been widely used to deliver DNA loaded micro-particles
into cells for research of DNA transfection, e.g., CST (Rasel et al., 2013; Liu, 2008; Truong et
al., 2006; Liu et al., 2006; Kendall, 2002) and Helios gene gun (O’Brien and Lummis, 2011;
Belyantseva, 2009). Helium and compressed air gases are often used as driving forces to
accelerate micro-particles for gene gun system. Especially, helium gas is recommended for
most gene gun systems due to its non-toxic, low density, lack of chemical inactivity and high
compressibility factor (Marrion et al., 2005), which allow the particles to reach higher
velocities (Tekeuchi et al., 1992). Compressed air is often used as a substitute for helium due

to its lower cost.

The gas pressure is a major factor which should be considered for gas gene gun systems. It
directly affects the velocity of the micro-particles, e.g., Liu et al. (2008) demonstrated that 1.8
um diameter gold micro-particles can reach a velocity of 580, 650, 685 and 710 at 3, 4, 5 and
6 MPa, respectively. In addition, the velocity is also related to the micro-particle size and
density: particle velocity is increased from an increase in operating pressure and a decrease

in particle size.

Along with the development of gene gun technology, the achievable particle velocity and
penetration depth in the target vary between gene gun systems. For example, Quinlan et al.
(2001) have applied a conical nozzle to accelerate polymeric micro-particles of 4.7, 15.5 and
26.1 pm diameters, to reach velocities of 350, 460 and 465 m/s at 60 bar pressure,
respectively. A contoured nozzle has been tested by Quinlan et al. (2001) who employed 60
bar to accelerate polymeric micro-particles of 4.7 um diameter to a velocities of about 1000
m/s, but 26.1 pm diameter of particles only reached 740 to 810 m/s. The velocity of
polymeric micro-particles of 15.5 pm diameter only reaches 330 m/s at 60 bar for the LGG
system (Mitchell et al., 2003). Kis et al. (2012) have concluded that the particle velocity
reached about 700 m/s for CST (Liu et al., 2006) and range from 200 to 800 m/s for
converging-diverging nozzles (Liu et al., 2004b; Kendall, 2002; Quinlan et al., 2001).
Recently, Menezes et al. (2012) have operated an advanced laser plasma jet to drive gold
micro-particles of 1 um diameter to achieve an average velocity of 1100 m/s within a distance
of only 10 mm. The particular achievements (e.g., particle velocity, operating pressure and

penetration depth) for various gene gun systems are listed in Table 2.2.
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Table 2.2: lllustration of the materials and size of micro-particles used in gene gun systems

Type of Material and Operating Velocity  Target and Reference
gene gun  average pressure at impact maximum
diameter of (bar) (m/s) Penetration
micro-particles depth in target
PPG Tungsten, 4um N/A 430 Onion, 40 um Klein et al.
(1987)

HAD Gold, 1 -3 um 90 N/A Mouse liver Williams et al.
tissue, (1991)
approximately
130 um

CN Polymers, 4.7, 60 350, 460 N/A Quinlan et al.

15.5 and 26.1 pm and 465 (2001)

LGG Stainless steel, 25 20 170 Canine buccal Mitchell et al.

um mucosa, 124 um  (2003)

CST Gold, 3.03 um 60 550 Canine  buccal
mucosa, 60 pm

CST Gold, 1£02um 40 580 Human skin, 66 Kendall (2002)
pm

CST Polystyrene, 39 60 570 + N/A Liu et al. (2006)

pm 14.7

Helios Gold, 40 nm 5 N/A Mouse ear O’Brien and

Gene and 1 um tissue, 50 + 11 Lummis (2011)

Gun um and 31 = 6
pm

Laser Gold, 1 ym N/A 1100 N/A Menezes et al.

plasma Tungsten, 1 um (2012)

jet

From the above studies, it can be concluded that the operating pressures for gene gun systems

generally vary from 20 to 60 bars. Xia et al. (2011) have suggested that the pressure should be

held below about 13 bar to minimise damage from the impaction of pressurized gas on soft

tissue. Uchida et al. (2009) achieved gene transfection is cells but noted damage if the
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operating pressure is over 13 bar. These reports demonstrate that cell death is unavoidable for
many of the current generation of gene gun systems. Mitchell et al. (2003) show that golden
micro-particles of 3.03 pm diameter employed at 60 bar pressure in the CST only reach a
maximum penetration depth of 60 pum in the canine buccal mucosa. Normally, the viable
epidermis layer of skin is the target area for gene gun systems. Mitchell et al.’s (2003) results
show that micro-particles require a still higher velocity to penetrate through the stratum
corneum, which means higher operating pressures are necessary. However, Mitchell et al.
(2003) also show stainless steel micro-particles of 25 um diameter can achieve 124 pum
penetration depths in the canine buccal mucosa at 20 bar pressure (see Table 2.2). But
O’Brien and Lummis (2011) show that cultured cells are damaged by gold micro-particle of 1
um diameter, when operating at 3.4 bar pressure using a Helios gene gun. They indicate that
stainless steel micro-particles of 25 um diameter impact on the tissue at a velocity of 170 m/s
will damage the target tissue and cells. Thus, a new concept of applying MN to micro-particle

delivery, which may reduce the cell damage, is discussed in section 2.5.1.

2.4 Microneedles

2.4.1 Types and configurations of microneedles

Henry and Prausnitz’s group (1998) are widely regarded as the first to have developed a
method of transdermal drug delivery using MNs, which has gradually developed for various
applications of drug delivery. MN arrays are minimally invasive device that bypass the outer
layer of skin, namely the stratum corneum, to achieve enhanced transdermal drug delivery
(Olatuniji et al., 2013; Donnelly et al., 2012; Prausnitz and Langer, 2008). MN are normally
separated into two categories, namely, solid and hollow (Koelmans et al., 2013; Han et al.,
2008; Qi et al., 2007). Each of these can be made of different materials and used for various
functionalities, depending on their designs. The most common materials used for fabricating
MN are metal, silicon, and polymer (Kim et al., 2012; Memon et al., 2011; Zhao et al., 2006).
The primary metals used for MNs are stainless steel (Kim et al., 2012; Quan et al., 2010; Bal
et al., 2008; Martanto et al., 2004) and titanium (Kim et al., 2010; Fermandez et al., 2009;
Parker et al., 2007). Metal MNs have the advantages of low cost, tougher hardness, ease of
penetration into the tissue and they are not easily broken in the tissue. Silicon and silica
materials have better biocompatibility than metallic materials, but they are expensive (Chen et
al., 2013, 2008). Furthermore, they break up more easily and fragments may be left inside the

tissue after MN removal (Memon et al., 2011; Zhao et al., 2006). However, silicon is the first

21



material used to fabricate MNs for pre-treatment of skin prior to patch application, e.g.,
Henry’s group (1998) have used solid conical silicon MNs (Figure 2.14a) with a height of
0.15 mm, inner diameter of 80 um and tip diameter of 1 um to increase skin permeability and
to provide an effective delivery of drugs to diffuse through the skin. Mikszta et al. (2002)

used a silicon MN array (see Figure 2.14b) for gene delivery in skin.

(b)

Figure 2.14: (a). Solid conical microneedle arrays (Henry et al., 1998) (b) Silicon microneedle

array used for gene delivery in skin (Mikszta et al., 2002).

Polymeric materials are a cheap option which can exhibit biocompatibility and
biodegradability, but the hardness is generally lower (Nayak and Das, 2013; Oh et al., 2008;
Han et al., 2007; Park et al., 2005). Various types of polymer have been used for fabricating
MNs, such as poly-glycolic acid (PGA) (Park et al., 2006, 2005) and polycarbonate (PC)
(Han et al., 2007). Park et al. (2005) have fabricated a PGA solid MN array with needle
length of 1500 um, base diameter of 200 pum tapering to tip diameter of 20 um. An example
of solid polymer MN array is shown in Figure 2.15a. Recently, Donnelly et al. (2011) have
used poly (vinyl) alcohol (PVA) to fabricate solid MN arrays with a needle height of 600 pm,
base width of 300 um, and MN interspacing of 300 um. As can be seen from Figure 2.15b,

MNs have been fabricated into uniform conical-shaped needles.
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()
Figure 2.15: (a): Solid MN array made with the help of PGA (Park et al., 2005) (b): Solid MN
array made with the help of PVA (Donnelly et al., 2011)

Hollow MN arrays are normally used for fluid infusion of liquid drug and nanoparticles into
the skin (Han et al., 2008). However, they are not widely used due to their costly and complex
fabrication methods (Zhu et al., 2012). An example of the hollow MN array designed by
Stoeber et al. (2000) is shown in Figure 2.16a. It is a hollow conical MN array with a height
of 200 um and a channel diameter of 40 um. McAllister et al. (2000) have improved Henry et
al.’s (1998) design, by inserting a hole in the centre of each MN to fabricate a hollow silicon

MN array.
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(a) (b)
Figure 2.16: (a) Hollow conical MN arrays on the right (Stoeber et al., 2000) (b) hollow

silicon MN array with sloping side walls (Gardenier et al., 2003)

Figure 2.17: Hollow metal MNs (Davis et al., 2004)

Subsequently, Gardenier et al. (2003) have designed a hollow silicon MN array with sloping
side wall, which is shown in Figure 2.16b. The length of the needles varies between 150 and
350 um, with a base diameter of 250 um (measured at the widest section) and a maximum
hole width of 70 um. The centre of the hole is positioned 40 um from the tip of the needle.
Davis et al. (2004) have used a hollow metal MN array (Figure 2.17) with a tip diameter of 75

um, base diameter of 300 um, wall thicknesses of 5 um and heightof 500 um to measure the
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required force for the insertion of MNs into the tissue. They reported that a force ranging

between approximately 0.1 — 3 N is sufficient to penetrate a single MN into the tissue.

Until now, MN have been developed as a minimally invasive means to deliver genes via the
transdermal route (Tuan-Mahmood et al., 2013; Coulman et al., 2009; Henry et al., 1998),
e.g., Chabrai et al. (2004) have successfully used micro-fabricated silicon MNs for non-viral
gene delivery without causing pain. Recently, we have proposed the use MNs with a gene gun
system to assist the micro-particle delivery in the skin. In particular, solid MNs can create
holes in the tissue to provide an environment for the penetration of high-speed
micro-particles. Furthermore, hollow MNs may allow a number of micro-particles to go
through the hollow needles and penetrate to a greater depth into deeper tissue layers
(epidermis) to be gene transfected. However, the waste of micro-particles is likely to be

higher as the hollow MNs have blockage problems.

There have been a number of studies which report on the effects of MNs types and
configuration on drug delivery (Han and Das, 2013; Olatunji et al., 2012; Al-Qallaf and Das,
2009a,b, 2008; Al-Qallaf et al., 2009a,b, 2007; Davidson et al., 2008). The current
contribution will focus on the most relevant MNs types and configurations; reviews of other
aspects related to the application of MN may be found elsewhere (Olatunji and Das, 2011,

2010).

2.4.2 Microneedle insertion in skin

MNs can overcome a target surface to provide an advantageous condition for micro-particle
delivery (Zhang et al., 2013). Human skin consists of two distinct macroscopic layers called
the dermis and the epidermis (Marks et al., 2006; Parker, 1991; Phipps, 1988) which are
shown in Figure 2.18. The epidermis layer consists of the stratum corneum (SC), the stratum
basale (or stratum germinativum), stratum sinosum, and the stratum granulosum (Tortora et
al., 2011; Marks et al., 2006; Holbrook, 1994). The top layer of the skin is the SC which is the
major barrier for entry of foreign substances. The thickness of the epidermis varies with
gender, age, ethnicity and the regions of the body, but has an average thickness of between 20
and 100 um (Matteucci et al., 2009; Schaefer and Redelmeier, 1997). The thickness of the
stratum corneum also varies with the above conditions, but the average thickness is between

10 and 20 um (Mohammed et al., 2012; Holbrook et al., 1974).
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Figure 2.18: The structure of the skin (MacNeil, 2007)

Normally, MN insertion is painless as it simply penetrates the skin surface without reaching
the dermis layer, which contains the nerves ending. (Gupta et al., 2011a; Silpi et al., 2011;
Donnelly et al., 2010a; Henry et al., 1998). Pain sensation also depends on the MN designs
which is generally small enough to avoid significant damage to the nerves in the tissue (Shah
et al., 2011; Palastanga et al., 2006; Kaushik et al., 2001). Also, as pain sensation is related to
the MN design, an increased size increases the likelihood of stimulating the nerves (Sachdeva
and Banga, 2011; Shah et al., 2011; Gupta et al., 2011a,b; Gill et al., 2008). There are a
number of clinical studies which show that MNs insertions into skin are painless or the pain is
undetectable. For example, Mikolajewska et al. (2010) have used polymeric MN cones with
needle height of 644 pum, base diameter of 217 um tapering to tip diameter of 41 um to
progress the skin pre-treatment and report that the MNs insertion is a painless process.
Previously, Hag et al. (2009) have used several MN arrays with lengths of 180 and 280 um
and compared the pain responses of a number of subjects for these MNs with the the pain
responses from hypodermic needles. They indicated that hypodermic needle is painful after
insertion into skin, and the pain response of MN insertion is less and decreases with a

decrease in needle height.
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The irregular surfaces and viscoelasticity of skin causes difficulty with MN insertion. In
addition, the skin is generally folded after the insertion of MNs, which may cause MNs to
pierce partially, depending on the MN length (Verbaan et al., 2008). Thus, there is a need to
understand the required force to insert a given MNs in the skin; the depth of MN penetration
into the skin is directly related to the used force for penetration (Olatunji et al., 2012;
Donnelly et al., 2010b). In addition, the depth of MN penetration in the skin is dependent on
the length of MNs (Badran et al., 2009).

1 hour 4 hours 8 hours 24 hours

Needle Height

180 um

280 um

Figure 2.19: Methylene blue staining of MN holes on the human skin (needle height: 180 and
280 um) (Hag et al., 2009)

Several studies of MN insertion in skin show that the holes remain in the skin after the
removal of the MNs (e.g., Haqg et al., 2009), as shown in Figure 2.19. Previously, McAllister
et al. (2003) have applied a cylindrical MN of 20 um diameter to perform staining
experiments, which indicates that a hole will remain after the removal of MNs. Martanto et al.
(2004) have shown that a number of visible holes remained when MNs were applied with
needle lengths of 1000 um and width of 200 um by 50 um on a rat skin. In addition,
McAllister et al. (2003) have reported a residual MN hole of radius 6 um following insertion
of MNs with radius of 10 um, which means that the holes shrink to ~60 percent of the
diameter of the MNs. While inserting the MNs, it can also be seen that the entire MN length
cannot be inserted into the skin completely, and the depth of penentration of MN in skin is
related to its length and the application force. These factors directly affect the size of pierced

holes before and after the removal of MNs, Donnelly et al. (2010b) have used optical
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coherence tomography (OCT) to detect the effect of MN height and application force on the
depth of penentration inside the porcine skin. As shown in Figure 2.20a, the penetration depth
is increased significantly by an increase in MN height and application force. In addition, the
application force presents a positive effect on the penetration depth of the MN inside skin, as
shown in Figure 2.20b: the pore width is increased by an increase in needle height and
application force, when the base width is kept constant. However, there is a clear gap left
between the MN base plate and the skin surface. Donnelly et al. (2011) have further used
OCT to obtain 3D views of MN embedded in the human skin. They reported that a MN with
needle height of 600 um and base diameter of 300 pm penetrated approximately 460 pm into
the human skin with a clear gap of 136 um between the MN base plate and skin. They also
indicated that the width of the pierced holes in the skin was about 265 um in diameter. These
reports demonstrate that MN assisted micro-particle delivery is expected to realize a greater

penetration depth of micro-particles in the skin.

2.5 Potential of microneedle assisted micro-particle delivery

2.5.1 Microneedle assisted micro-particle delivery

As mentioned earlier, cell and tissue damages are particular problems for the biolistic gene
transfection (O’Brien and Lummis, 2011; Uchida et al., 2009; Thomas et al., 2001; Sato et
al., 2000; Yoshida et al., 1997). Reduction in the operation pressure and in the particle size
can minimize the cell damage, but these also decrease the momentum of the micro-particles.
This minimizes the penetration depth of the micro-particles in the tissue and may cause a

failure of the DNA transfection.

Based on a consideration of reducing the operating pressure, a new concept of combining
MNs with gene gun for micro-particle delivery has been presented by Zhang et al. (2013)
(See chapter 3). As presented in Figure 2.21, the concept may be developed from the light and
Helios gas gun systems. The operating process consists of particle acceleration, separation
and deceleration stages. For the acceleration stage, a pellet of micro-particles is loaded onto
the ground slide which is accelerated by pressurized gas. The pellet is then separated into
individual micro-particles by impaction onto a mesh stopping screen in the separation stage.
The separated micro-particles spray forward through a conical nozzle with a uniform velocity

and distribution to breach the skin tissue to target the cells of interest.
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Figure 2.20: (a): A 2D OCT image for the investigation of the effect of the MN height on the
penetration depth inside the porcine skin (A: 280 um; B: 350um; C: 600um; D: 900um)
(Donnelly et al., 2010b) (b): A 2D OCT image to analyse the effect of the application force
on the penetration depth of MN inside the porcine skin (A: 4.4 N (newton); B: 7.0 N; C: 11 N;
D: 16.4 N) (Donnelly et al., 2010b) (c): A 3D OCT image showing MN insertion in the skin
(needle height: 600 pm; base width: 300 um; spacing: 300 pm) (Donnelly et al., 2011)

As shown by Zhang et al (2013), by using an array of MNs it is possible to overcome the
effect of the skin on the particle penetration. One of the many advantages of this new concept
is that the pressurized gas will be released from the vent holes (see Figure 2.21), which is
likely to avoid the damage of the target from the impaction of pressurized gas on tissue. In
addition, the use of the ground slide slows down the velocities of micro-particles to reduce the
impact force on tissue to minimize the cell damage. As required, the velocity is controllable
by changing the driving pressure of compressed gas, if higher micro-particle velocities are
necessary. Even if the micro-particles cannot reach the desired penetration depth due to
insufficient momentum, the use of MNs allows a number of micro-particles to penetrate
further to achieve the purpose of gene transfection in the desired depth of the tissue. However,
the disadvantage of this concept is that a very high impact velocity of micro-particles is not

easy to achieve, because the ground slide has significant mass.

The solid MN used by Zhang et al. (2013) aimed to create holes on the skin to allow a
number of micro-particles penetrate through the pierced holes and increase the penetration
depth. Zhang et al. (2013) also indicate that some agglomerated micro-particle may be present
in the target; the size of the agglomerates is controllable and decreases with a decrease in
mesh pore size and binder concentration. Results have shown that a number of micro-particles
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are able to penetrate through the pierced holes (created by the MNSs) and reached a greater
penetration depth inside the target, demonstrating the feasibility of MN assisted
micro-particle delivery. In principle, the maximum penetration depth of micro-particles is
affected by the particle size, density and operating pressure which determine the momentum
of the micro-particles and hence the impact of the particles on the target. An increased length
of the pierced holes enhances the particle penetration depth due to a decreased resistance
when micro-particle travel in the hole. The length of the pierced holes depends on the height
of MN. However, the effect of the above parameters on the penetration depth of

micro-particles will be analysed in our following works.
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Figure 2.21: A possible structure of a MNs assisted micro-particle delivery system

2.5.2 Effects of physical approaches to drug delivery

With the development of the transdermal drug delivery, several physical technologies have
been developed, particularly in needle free gene gun system. In order to understand the
advantages of MN assisted micro-particle delivery for the drug/gene delivery, a comparison
with other physical cell targeting approaches is presented in this section. Figure 2.22
illustrates a schematic of four physical cell targeting approaches which include diffusional
delivery (Figure 2.22a), solid MN assisted micro-particle delivery (Figure 2.22b), hollow MN
assisted micro-particle delivery (Figure 2.22c) and needle free biolistic micro-particle
injection (Figure 2.22d). The route of the diffusion delivery (Figure 2.22a) is that the
molecules permeates through the aperture of the SC and diffuses into the target (Glenn et al.,

2003). It is a method which operates without damage to the skin.

In recent years, needle-free biolistic micro-particle delivery (Figure 2.22d) provides a great

improvement for transdermal gene delivery. The principle of this technique is that DNA is
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loaded on micro-particles which are accelerated to a sufficient velocity to pierce the skin and
travel to a certain depth to achieve the DNA transfection in the viable epidermis layer. It can
be seen from Figure 2.22d that micro-particles penetrate to greater than diffusion delivery. In
addition, biolistic micro-particle delivery is painless as the micro-particles settle within
epidermis without reaching the nerves (Quinlan et al., 2001). There are some disadvantages
for biolistic micro-particle delivery such as micro-particle penetration causes a significant cell
death in the skin due to the impaction (O’Brien and Lummis, 2011; Raju et al., 2006; Sato et
al., 2000). In addition, pressurized gas may damage the skin surface if the pressure is over

than 200 psi (Belyantseva, 2009; Uchida et al., 2009; Yoshida et al., 1997).
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Figure 2.22: A schematic cross-section of the skin: (a) the normally diffusion route (b)route of
solid MN assisted micro-particle delivery (c) route of hollow MN assisted micro-particle
delivery (d) route of normal micro-particle penetration using a gene gun system (Kendall,

2006)

As mentioned earlier, the method of MN assisted micro-particle delivery requires use of a
MN to overcome the skin surface to deliver micro-particles to a greater depth. The projected
routes are presented in Figure 2.22b-c. In Figure 2.22b the penetration depths of
micro-particles are greater than for needle-free biolistic micro-particle delivery due to the
pierced holes providing a low resistance path skin for micro-particle penetration. Figure 2.22¢
shows hollow MN assisted micro-particle delivery which should allow particles to penetrate
further in the skin via the hollow needles. However, the disadvantage of MN assisted
micro-particle delivery is that the process may be painful if the micro-particles are deliver

into dermis which have nerves ending in that layer.
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Overall, it is obvious that needle-free biolistic micro-particle injection present more efficiency
than diffusion delivery. Ziegler (2008) has shown that acceptable DNA vaccination requires
the coated micro-particle to penetrate the skin surface with around 20-100 pm penetration
depth. It indicated that needle-free biolistic micro-particle injection achieves a more efficient
pharmaceutical effect than diffusion delivery. Further, MN assisted micro-particle delivery
may deliver micro-particles deeper than the needle-free gene gun system in the skin to allow
deeper tissue to be transfected. It has been demonstrated that MN assisted micro-particle

delivery may achieve a further enhanced DNA transfection in the target.

2.5.3 Modelling micro-particle delivery in skin

The process of micro-particle delivery is normally divided into two stages which are particle
acceleration stage and penetration stage. In the modeling, the acceleration stage is required to
consider the driving source (gas pressure) which accelerates the micro-particle to a sufficient
velocity to pierce the skin surface. The velocity is varies with the gene gun system design,
particle density and size. For the penetration stage, the effect of the skin is the major
resistence to prevent the micro-particle delivery. Micro-particle delivery requires breaching
the SC and piercing into the epidermis layer (Yager et al., 2013; Soliman et al., 2011; Liu,
2006; Quinlan et al., 2001; Bennett et al., 1999; Trainer et al., 1997). The impact velocity,
particle size and density, target density and yield stress are the major variables affecting the

penetration depth.

Normally, the micro-particle acceleration stage is gas and particle flow for gas gene gun
systems, e.g., CST, PowderJect and Helios Gene gun. The flow is defined as symmetric and
fully turbulent in the device for various studies (Liu, 2006; Soliman and Abdallah, 2011). A
model which has been widely adopted is force balance law which is based on the Newton’s
second law and Stokes’s law. For example, Liu (2006) has focused on simulating the velocity
distribution in the converging (conical) section of a venturi system which is developed from a
gene gun, namely, the PowderJect system (Powderject Research Ltd., Oxford, UK)
(Bellhouse et al., 1999, 2003, 2006). The particle velocity has been simulated based on a
balance between the inertia of micro-particles and other resistance forces acting on the
particles. Zhang et al. (2007) have used the MATrix LABoratory (MATLAB, The
MathWorks Inc., Natick , USA) (Shampine et al., 1997) to simulate three different stages of

the particle delivery in the gene gun, namely, acceleration, separation and deceleration stages.
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In their work, the particle velocity is analysed on the basis of Newton’s second law in the
acceleration stage; an energy conservation law is applied to describe the separation of
micro-carriers into micro-particles in the separation stage, and Stocks’ law is applied to model
the penetration of micro-particles in the deceleration stage into a various target. Soliman et al.
(2011) have used a commercial turbo-machinery flow simulator, namely, FINE™/Turbo
(NUMECA International, Brussel, Belgium) to simulate the behavior of gas and particle flow
in a supersonic core jet in a gene gun. This work used Newton’s second law to mimic the
particle trajectories and determine the penetration depths of micro-particles in the skin. As
discussed below, a number of studies have shown that the penetration depth depends on the

momentum of micro-particles which again depend on the particle size, density and velocity.

For the penetration stage, various studies have separated the resistance force on the
micro-particle into a yield force (Fy), frictional resistive force (F¢) and resistive inertial force
of the target material (F;) (Soliman et al., 2011b; Liu, 2007; Mitchell et al., 2003; Kendall et

al., 2001; Dehn, 1987). The force balance equation is shown below:

m‘;—‘t’z—(mﬁ +F) (2.1)

From this the stopping distance can be calculated as

d= %{l n%ptvi2 +30,) - n;ecy)} 2.2)

Pt
Based on this force balance equation, the theoretical penetration depth (equation 2.2) is
obtained and adopted for the modelling. This model has been widely adopted in several
studies. For example, Soliman et al. (2011b) have modelled the delivery of golden particle of
diameters 1.8 and 5 um using 3 MPa pressure and have shown that penetration depths of
95um and 135um can be achieved for particle of diameters 1.8 and 5 pm, respectively.
Kendall et al. (2001) have analysed the golden particle penetration by using equation (2.2) for
particle penetration in human and porcine skins. In addition, predictions from the theoretical
model have been shown to agree well with the experimental results by Kendall et al. (2001).
More recently, Soliman et al. (2011b) have also implemented equation (2.2) in a theoretical
model which is implemented using FINE/Turbo code to calculate the penetration depth of

gold micro-particle inside the skin.
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2.6 Chapter Summary

The background of the gene gun system for micro-particle delivery is reviewed in this paper.
A number of gene gun systems have been listed and the operating principles along with their
advantages and disadvantages have been studied briefly. In addition, the recommended gas
type, particle material and size for these type engineering systems are discussed. The range of
particle velocities and applied operating pressures for several gene gun systems are described,
which indicated that cell/tissue damage is a major problem for biolistic micro-particle
delivery, due to the impaction of pressurized gas and high-speed micro-particles on the target
tissue. In addressing this point, a new concept is proposed of MN assisted micro-particle
delivery, which combines a gene gun system with MN to enhance the penetration depth of
micro-particles. This technique may reduce the cell damage from pressurized gas and reduce
the impact velocity of micro-particle. In order to further understand the MN assisted
micro-particle delivery, a number of MN designs have been discussed, paying attention to key

characteristics that affect biolistic delivery.

A number of researchers have studied the MN insertion in the skin which suggests that holes
remained on the skin after the removal of MNs. These indirectly show the feasibility of the
MN assisted micro-particle delivery to enhance the penetration depths of micro-particles
inside the target. Based on the above research works, the detailed penetration route of MN
assisted micro-particle delivery is also discussed and compared with other physical
approaches on drug delivery. Finally, various models of micro-particle delivery for different
gene gun systems are described to understand the theoretical principles of micro-particle

penetration and which may be used for modelling of MN assisted micro-particle delivery.
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3. Microneedle assisted micro-particles delivery: Proof of concept

3.1 Chapter Overview

A set of well defined experiments has been carried out to explore if microneedles (MNSs) can
enhance the penetration depths of micro-particles moving at high velocity such as those
expected in gene guns for delivery of gene loaded micro-particles into target tissues. These
experiments are based on applying solid MNs which are used to reduce the effect of
mechanical barrier function of the target so as to allow delivery of micro-particles at less
imposed pressure as compared to most typical gene guns. Further, a low cost material,
namely, biomedical grade stainless steel micro-particle with size ranging between 1 - 20 pum,
has been used in this study. The micro-particles are compressed and bound in the form of a
cylindrical pellet and mounted on a ground slide, which are then accelerated together by
compressed air through a barrel. When the ground slide reaches the end of the barrel, the
pellet is separated from the ground slide and is broken down into particle form by a mesh that
is placed at the end of the barrel. Subsequently, these particles penetrate into the target. This
chapter investigates the implications of velocity of the pellet along with various other
important factors that affect the particle delivery into the target. Our results suggest that the
particle passage increases with an increase in pressure, mesh pore size and decreases with
increase in PVP concentration. Most importantly, it is shown that MNs increase the

penetration depths of the particles.

3.2 Introduction

Micro-particle delivery systems (e.g., gene guns) have been used for transferring genes into
cells and tissues (e.g. plant tissues) for some time (Klein et al., 1987; Heiser, 1994;
Svarovsky, 2008; Huang et al., 2011; O’Brien and Lummis, 2011; Manjila et al., 2013).
Typically, the operation involves a micro-particle accelerator, which can deliver gene-loaded
micro-particles into a target (e.g. biological cells) to achieve the desired mass transfer effect
(e.g. gene transfection). The PowderJect delivery system is a case in point, which has been
applied to exploit the micro-particle gene transfer treatment (Dempster, 2000; Kendall, 2002).
In most cases, these delivery systems are based on the principle that biocompatible
micro-particles loaded with genes can be accelerated to a sufficient velocity so as to penetrate
the barrier function of the target tissue and thereby achieve gene delivery (Bellhouse, 1999;
Burkoth, 1999). However, cell and tissue damages are particular problems for these

micro-particle delivery systems which are discussed further later.
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It is obvious from previous research on micro-particle based gene delivery that knowledge of
the velocity of the micro-particles and its effects on particle penetration is one of the major
research points in development of these systems. A number of researchers have studied the
particle velocity for various designs of gene guns. For example, Quinlan et al. (2001) have
used a conical nozzle employed at 60 bar to accelerate polymeric micro-particles of 4.7, 15.5
and 26.1 pm diameters to velocities of 350, 460 and 465 m/s, respectively. Kendall et al.
(2004a) have used a converging-diverging nozzle, which has been shown to accelerate
polystyrene particles of diameter 4.7 um to a velocity of 800 m/s at the same pressure as used
by Quinlan et al. (2001). Such developments of the delivery systems can improve the velocity
of micro-particles to achieve a higher speed if compared with conical nozzles (Quinlan et al.,
2001). Mitchell et al. (2003) have also studied the velocities of polystyrene particles (average
size: 99 um) for a light gas gun (LGG) proposed originally by Crozier (1957) and gold
particles (average size: 3.03 um) for a contoured shock tube (CST). The particle velocity is
shown to achieve 170, 250 and 330 m/s at pressure of 20, 40 and 60 bar for the LGG,
respectively. The gold particles have been shown to achieve an average velocity of 550 m/s at
60 bar based on the CST. Liu et al. (2004c) have also used a CST to accelerate gold particles
of diameter 2.7 pum to a velocity of 626 m/s at 60 bar pressure. Subsequently, Liu et al. (2006)
used polystyrene particles of 39 £ 1 um diameter to study the particle velocity for CST and
found improvements relative to the LGG, which is shown to achieve a velocity of 570 + 14.7
m/s at 60 bar pressure (Liu et al., 2006). In recent years, Soliman et al. (2011) have shown
that a supersonic core jet can accelerate 1.8 and 5 um diameters gold particles to velocities of
550 and 294 m/s at 30 bar pressure. O’Brien and Lummis (2011) have also used gold particles
of core diameters 40 nm and 1 um to achieve maximum depths of 31 + 6 and 50 = 11 um in

mouse ear tissue by using a Helios gene gun.

Although very high velocities of the micro-particles or/and gas may seem useful in delivering
the particles deep into the target tissue, they may actually damage the target from their
impacts. As such, it is logical that one controls both the velocity and, the mass of the
micro-particles and gas that impact the target. This is somewhat reflected in a study by
Belyantseva (2009) who has used a pressurized Helios gene gun to accelerate DNA-coated
gold particles (I um diameter) where the pressure is controlled at 14 bar. The author shows
that this pressure is adequate for the penetration of the particles without excessive tissue
damage. Xia et al. (2011) have suggested that the pressure should be limited to around 14 bar

to minimize damage for biolistic transfer to soft tissue. Uchida et al. (2009) have fired
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plasmid DNA into cultured mammalian cells (e.g. human embryonic kidney cell (HEK293)
and human breast adenocarcinoma (MCF7) cell) using a Helios gene gun, which shows that
gene transfection is achieved in these cells but the cell damage occurs if the operating
pressure in the gene gun is more than 200 psi (13.78 bar). O’Brien and Lummis (2011) have
cultured HEK?293 cells and used them as targets for biolistic transfection using a gene gun.
This work has shown that nanoparticles can be utilised as gene carriers similar to
micro-particles for biolistic transfection and lessen cell damage. These researches show that
cell damage can be reduced if particle size and operation pressure are reduced as they lower
the particle impact force on the cells/tissue such as those observed by Uchida et al. (2011). In
most studies, the viable epidermis layer of skin is considered as the target tissue for gene
loaded micro-particle delivery as the penetration depth is limited by a number of factors

(Quinlan et al., 2001; Trainer et al., 1997).

In the particles delivery process, the material of the particles is also of crucial importance. In
order to deliver gene loaded particles into cells effectively, high density materials are
generally preferred since they carry a larger momentum and are expected to penetrate more
into the target tissue as compared to particles of low density materials. The most common
material of the particles is gold due to its high density, low toxicity and lack of chemical
inactivity. However, gold is an expensive material. In principle, other materials such as
biomedical grade stainless steel and polystyrene may be a good replacement for gold while
reducing the cost due to the lower price of these materials in comparison to gold. However,
these materials have lower density compared to gold and, as such, the momentum for these
micro-particles would be less for the same particles size and velocity. This implies that other
factor is needed to break the resistance of the target tissue for the particles to enter easily
while also enhancing the penetration depths. Microneedles, which can break the resistance of
the target tissue almost painlessly (Nayak et al., 2013; Ashraf et al., 2011; Al-Qallaf and Das,
2009a; Prausnitz, 2004; Henry et al., 1998b), seem to be a promising option in this regards.
However, there is little or no study at the moment that demonstrates that microneedle can be
useful in the delivery of dry particulates particularly at lower pressures as compared to most
current gene guns which should be operated at very high pressure (Quinlan et al., 2001;
Mitchell et al., 2003; Liu et al., 2006). Previously, several studies have shown that the
effectiveness of the MN based drug delivery is limited by a wide varieties of variables, e.g.
MN height, spaces between the needles, patch size, insertion forces, tissue characteristics

such as viscoelastic properties, materials of MNs, etc, and as such, it is necessary to choose
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the MNs for specific application as well as the target tissue (Olatunji et al., 2013; Olatunji et

al., 2012; Yan et al., 2010; Donnelly et al., 2010b; Al-Qallaf et al., 2009a; Teo et al., 2006).

In addressing these points, microneedles have been used to enhance the penetration depths of
low density micro-particles using an experimental set up that mimic particle accelerator (e.g.
gene guns) in its operation principle. As model particles, we use biomedical grade stainless
steel micro-particles. Further, a ground slide is used to prevent the impact of high pressure gas
on the micro-particle target as discussed in more detail in the next section. The use of the
ground slide gives lower particle velocities compared with the CST under the same operating
conditions. However, the purpose of the micro-particle gun is to accelerate the particles to a
sufficient velocity which can penetrate into a desired depth inside the target. For a
microneedle based injection system, this objective could be achieved by first applying solid
microneedles as they help in overcoming the tissue barrier (Stahl et al., 2012; Chu et al.,
2010; Coulman et al., 2006). In this study, solid microneedles are used to create well defined
holes in the target which remain open immediately after removing the microneedle. Hence, a
number of micro-particles should penetrate into the target via the holes. Therefore, the
application of the microneedle based particle delivery is a good improvement for particle

injectors.

In addition to the aims discussed above, this chapter aims to investigate the significance of
various important factors, e.g., the ground slide on the particle velocity for the microneedle
assisted micro-particle injection. The micro-particles are mixed with PVP, compressed and
bound as a cylindrical pellet for the purpose of this work. The pellet is mounted on a ground
slide, which is accelerated along a barrel. The high velocity pellet is separated by a mesh
which presents a partial blockage to the flow. The work in this chapter aims to determine the
passage percentage and separated particle size. The chapter also aims to study the effect of the
microneedle on the micro-particle penetration depth when they are fired into a homogeneous
agarose gel which is used a as a model target. Agarose gel has the advantages that it can be
produced with a controllable mechanical property and its transparency provides a good
quality to view the micro-particle penetration using optical digital microscope. In agarose gel,
the micro-particles follow two routes of delivery. The first route is that a number of
micro-particles directly penetrate into the agarose gel without going through the holes reated
by MNs. The second route is that the micro-particles are delivered through the pierced holes

created by the MNs to enhance the penetration depth inside the agarose gel. In reality, the
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target skin for these micro-particles may be different structurally and heterogeneous, and
therefore the routes of the micro-particle delivery may be affected by its individual layers.
However, this is not a consideration in this study as we carry out the experiments in a
controlled manner using homogeneous agarose gels. The detailed information on the MN

assisted micro-particle delivery system is described in section 3.3.2.

3.3 Material and Methodology

3.3.1 Materials

Biocompatible stainless steel micro-particles of high sphericity equalling approximately to
0.92 were bought from LPW Technology Ltd (Daresbury, UK). Detailed characterizations of
these micro-particles are presented in section 3.3.3.2. Polyvinylpyrrolidone (PVP) purchased
from Sigma-Aldrich Company Ltd. (Gillingham, UK) was dissolved in ethanol (analytical
grade, 99%, obtained from Fisher Scientific Ltd., Loughborough, UK) and used to bind the
micro-particles to form a cohesive mixture which could be compressed into a pellet (see
section 3.3.3.3). Agarose powder (Sigma-Aldrich Company Ltd., Gillingham, UK) was used
to prepare an agarose gel which was used a target for the micro-particles penetration

experiments.

Photoelectric sensors were purchased from SICK Group (Waldkirch, Germany) to detect
velocity of the micro-particles pellets loaded onto a ground slide. Meshes of three different
pore sizes were obtained from Streme Limited (Marlow, UK). A solid microneedle array
(Adminpatch) (Yuzhakov, 2008) which has 31 needles of 1500 um length was purchased
from nanoBioSciences Limited Liability Company (LLC)(Sunnyvale, CA, USA).

3.3.2 Experimental design

In order to study the micro-particle delivery process, an experimental rig was constructed as
shown in Figure 3.1. Detailed information of the relevant parts of the experimental rig is
listed in Table 3.1. The micro-particle transfer process in such systems can be divided into
three stages: acceleration, separation and deceleration stage. For the acceleration stage, the
pellet of micro-particles attached to ground slide is accelerated to a desired speed by a
pressurized gas which was air in this study. The ground slide blocks the direct flow of gas out
of the barrel and high pressure gas is released through a venthole, avoiding impact and gas
damage on the skin, agarose gel or any other target of the micro-particles. Thus, there is no

gas flow in the separation and deceleration stages. In the separation stage, the pellet is
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released from the ground slide after hitting a stopping wall. The pellet is released from the
ground slide, hits a mesh placed at the end of the barrel which then breaks into a dispersion of
micro-particles by high speed impaction on an open mesh. For the deceleration stage, the
separated micro-particle spray forward, penetrate into the target via holes created by

microneedles and stop inside the target.

The detailed operating principle of the experimental rig is described as follows: a regulator is
used to control the maximum gas pressure released from the gas cylinder. A control valve is
located between the gas cylinder and receiver to manipulate the gas flow from the cylinder
and store it in the receiver for the experiment. Additionally, a pressure transducer (PT-1) is
placed after the control valve to measure the pressure inside the receiver. A solenoid valve is
used to operate the gas release from the receiver. It can open and close the gate according to a

predetermined time and control the amount of gas released as required.

Regulator PT1 — 1
‘ Oscilloscope Oscilloscope
<]

Mesh Mesh Holder Test Tube
==,
BOC P"-ZE iﬁmm PSAPS2 3 10mm
- ~ ¥
1.25mm Barrel ‘ ‘ ’m —E’—
Gas Cylinder ‘4_ | |

Smm

Compressed Air|

Ventholg Muzzle  Test tube holder

Acceleration Stage Deceleration Stage
f—t

Separation Stage

Figure 3.1: Schematic diagram of the experimental rig

For the experiments, the barrel is mounted horizontally. A second pressure transducer (PT-2)
is located at the start of the barrel to detect the driving gas pressure for accelerating the
ground slide. This is because a large pressure drop occurs between the receiver and the barrel
due to the solenoid valve and the converging section of the receiver. It means that the pressure
inside the receiver is not the same as the driving pressure for ground slide acceleration. The
ground slide loaded with a pellet is placed at the start of the barrel. Two photoelectric sensors
(PS) are located at the end of the barrel, which are separated by a distance of 25 mm. They are

connected to an oscilloscope to record the relevant signals and measure the velocity of the
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ground slide. The principle of the measurement of the ground slide speed is described in the
section 3.3.3.1. In addition, two ventholes are made at the end of the barrel for release of the
pressurized gas. Additionally, a mesh is placed into a muzzle at the end of the barrel and is
held in place by a mesh holder. A test tube is also mounted in a holder placed at the end of the
barrel to collect the separated particles and to determine the particle passage, stuck and
rebound percentages (some particles remained trapped on the mesh and some rebound into the
barrel). The detailed method is explained in section 3.3.3.1. In order to investigate the effect
of microneedle indentation on the micro-particle penetration, the test tube is filled with
agarose gel. The pellet is fired into this agarose gel to analyse the microneedle effects on

particle delivery.

3.3.3 Methods

3.3.3.1 Experimental data acquisition

(a) The detection of the ground slide velocity

The velocity of the ground slide was detected by a pair of photoelectric sensors. The
photoelectric sensors consist of a light source and receiver, and they are connected to an
oscilloscope to record the relevant electrical signals. Two photoelectric sensors were located
within the barrel, which are marked as PS-1 and PS-2 in Figure 3.1. The barrel was made of
stainless steel, and the inside surface was polished smooth to reduce friction. The space
between the two photoelectric sensors is set at 25 mm. The working principle in this case is
that the oscilloscope starts to record the signal after the ground slide reaches the position of
the first sensor and covers the laser light. After the ground slide passes the second sensor, the
oscilloscope records the time for the ground slide to travel from the first sensor to the second
one. As presented in Figure 3.2, the pink and green waves represent the signals receive from
the first and second sensor, respectively. The breakage of the signal waves are caused by the
ground slide/pressurized gas reaches the sensor to affect the operation of receiver to receive
signal. As required, the second straight line of the green signal between two breakages of
signals represents the travelling time in the space between two sensors. Thereby, an average
velocity for the speed of the ground slide was obtained based on the known distance and

recorded time.
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Table 3.1: The used equipments and important parameter values for the experiment

Part name Important variable Material/Chemical/other component
Gas cylinder Initial pressure: 200 bar Compressed air
Size: 146cmx23cm Supplier: BOC (UK)
Mass: 82kg
Regulator Pressure range: 0-300bar | Supplier:  WIKA  Instruments  Limited
(Redhill, UK)
Control valve Pressure range: 0 — 100 | Supplier: Swagelok Company (Solon,

bar

USA)

Pressure transducer

Range : 0 -100 bar
Type: XML-G100D71

Supplier: Druck Ltd. (Leicester, UK)

Receiver

Volume:1 L

Supplier: HOKE Inc.( Spartanburg, USA)

Solenoid valve

Pressure range: 0 — 100

bar

Supplier:Connexion developments Ltd(Yate,
UK)

Timer Range: 0.1 — 12 sec Supplier: OMRON Electronics Ltd (Milton
Type: H3DE-F Keynes, UK)

Ground slide Diameter: 8 mm/15mm PTFE
Length: 12.5 mm

Pellet Diameter: 2 mm Stainless steel micro-particle
Length: 2 mm

Barrel Diameter: 8mm/15mm Stainless Steel
Length: 500 mm/250mm

Venthole Diameter: 4 mm n/a

Muzzle Hole diameter: 3 mm Stainless Steel

Mesh holder n/a Stainless Steel

Test tube holder n/a PTFE

Oscilloscope Type: TDS 3034B Supplier: Tektronix (Sweden, UK)
PS Response time: 16us Supplier:  SICK  Group  (Waldkirch,
Scanning range up to 20m | Germany)

Type: WLL180T
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Figure 3.2: The detected signal waves of the round slide motion by a oscilloscope

(b) The analysis of the pellet separation

The micro-particles were compressed into the form of a cylindrical pellet for firing in the
experimental rig. The preparation process of the pellet of micro-particles is explained in
section 3.3.3.3 in detail. In the experiments, the pellet is separated by a mesh and fired into an
empty test tube in the separation stage. However, some of the separated particles are unable to
pass through the mesh due to the blockage of the mesh. The analysis of the pellet separation is
mainly focused on studying the passage, stuck and rebound percentages and the size of the
separated particle. Passage percentage represents the proportion of the pellet separate into
smaller size of separated particles to passage through the mesh; stuck percentage indicates the
rate of the pellet of micro-particles stick on the mesh; rebound percentage illustrates the
proportion of the pellet separate into large agglomerates which rebound by the mesh. In this
case, the mass of the pellet, mesh and test tube are measured before the experiment. The mass
of the collected particles is obtained after measuring the mass of the test tube after firing. The
mass of the stuck particles is obtained after measuring the mass of the mesh after firing. The

passage, stuck and rebound percentages are calculated as:

Passage percentage = % x 100 (3.2)
Stuck percentage = "2 x 100 (3.2)
Rebound percentage = 100 — Passage percentage — Stuck percentage (3.3)
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where t; is the mass of the test tube after firing and t, is the mass of the test tube before firing,
g is the initial mass of the pellet, m; is the mass of the mesh after firing and m, is the mass of

the mesh before firing.

In addition, the separated particle sizes should be considered carefully to determine if any
large agglomerates remained which could affect the performance of the system and
penetration depth and damage to the target area. For this measurement, an adhesive-coated
tape is placed at the end of the rig instead of the test tube (Figure 3.1). The pellet is directly
fired into the tape through the mesh, where the particles get stuck. The particle laden

adhesive-coated tape is then analysed in detail by scanning electron microscope (SEM).

3.3.3.2 Characterization of the micro-particle

(a) Particle size distribution

In order to confirm the size of the used stainless steel micro-particles, a particle size analyser
(Coulter, LS130, BECKMAN COULTER, Inc.,) is used to analyse the size distribution of this
micro-particles. As presented in Figure 3.3, the size distribution of stainless steel
micro-particles is analysed in a logarithmic scale from 0 to 900 um. Result shows that the
diameter by volume only 10 % of micro-particles is over than 22.19 um, 25 % of them are
larger than 19.93 pum, 50 % of them are greater than 17.54 um, 75 % of them are bigger than
15.12 um and 90% of them are over than 12.72 um. The mean diameter by mass (D [4, 3]) is

around 18 pm.

Percentage (%0)

0.1 1 10 100 1000
Particle diameter (um)

Figure 3.3: The particle size distribution of uniform stainless steel powder by a logarithmic

scale from 0 to 900pum
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(b) Methodology of the sphericity analysis

Figure 3.4 shows a SEM image of the stainless steel micro-particles before they are made into
a pellet form in this study. As can be seen, the shape of micro-particles is very spherical and
most of the particles range between diameters of 1 to 20 um, although a few larger diameter
particles were found to be present. Majority of the micro-particle was less than 15 um in
diameter. It matches well with the particle size distribution obtained from the Coulter (LS130,
BECKMAN COULTER, Inc.,) previously. Based on the SEM image, the sphericity is

analysed in this case.

60pm

Figure 3.4: SEM image of the uniform stainless steel micro-particles

Previously, Riley (1941) has discovered a two sizeal analysis method for measuring the
sphericity, namely, inscribed circle sphericity. As presented in Figure 3.5, the method is to
define the circumscribed and inscribed circles to obtain the maximum circumscribed and
inscribed cross-sectional areas.  The sphericity is calculated as:

o= |- (3.4)

D¢

Where i is the inscribed diameter of the particle, Dc is the circumscribed of the particle and @

is the inscribed circle sphericity.
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Figure 3.5:  The circumscribed and inscribed circles for different shape particles

In this case, Image J is chosen to carry out the maximum circumscribed and inscribed
cross-sectional area of micro-particles. From the SEM images, 30 randomly selected particles
were analysed further to calculate the average sphericity of the micro-particle sample which is
found to be 0.92 + 0.05. The actual density of the micro-particles and the bulk density of the
pellet without PVP are ~ 8 g/cm® and 4.98 + 0.02 g/cm?®, respectively. The porosity of the
pellet without PVP is 37.6 + 0.3 %.

3.3.3.3 Characterization of the pellet

(a) The design of pellet press

For the MNs assisted micro-particles delivery, micro-particles are required to press into a
pellet due to a small single micro-particle will loss more momentum during delivery process.
In our case, a stainless steel pellet press is designed based on the macro-micro KBr pellet die
(Sigma-Aldrich, 2506699, UK). As shown in Figure 3.6, it consists of a cover, shim, main
body, base, rod and two seals. The size of the pellet is able to control by changing the length
of the shim and the hole diameter of the pellet press. The operate procedure of this pellet
press is as follows. The main body is placed on top of the base and one of the seals is inserted
into the holes of the main body. Then the powdered stainless steel micro-particles containing
PVP solution are added followed by the second seal. The rod is placed into the cover and
inserted into the main body after placing the shim on the top of main body. Finally, the top
cover is pressed until there is no space between the shim and the cover. Uniformly sized of

pellet can be pushed out slowly using the rod directly into the ground slide to hold the pellet.
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(b) The pellet making procedure

The pellet making procedure in our case was based on the method for making DNA-coated
micro-particles (Thomas et al., 2001). PVP powder dissolved in ethanol was used to bind the
stainless steel particles together (acting as a glue-like substance) as it has been used as a
binder in many other pharmaceutical pellets (e.g., Svarovsky et al., 2008). The reason for
choosing ethanol is that it helps to dry the pellet quickly due to its high volatility. The
strength of the pellet is related to the PVP concentration and, as such the ethanol does not
affect the binding strength of the pellet. In this study, five solutions of differing PVP
concentrations were made, namely 40, 60, 75, 90 and 100 mg/ml PVP in ethanol. Based on
the porosity of the micro-particle pellets (37.6%) and the size of the pellet, the desired amount
of the PVP solution was added to 0.035 g of stainless steel powder by micro-pipette to fill the
void space. We allow this mixture to dry for 1 — 2 minutes approximately at room
temperature. When it is almost dry we transform the powdered stainless steel with PVP
solution into a solid cylindrical pellet with 2 mm length and 2 mm diameter by a pellet press
(Figure 3.6). The pellet is finally loaded into a ground slide and place into the ground slide
holder (Figure 3.7), and record the position which convenient for differentiate the pellets due
to its mass differences. In addition, a single use of PTFE ground slide is used to load the

pellet due to it is low density and frictional properties, as show in Figure 3.7.

Figure 3.8(a) shows the fabricated pellets and the realistic pellet press. It demonstrates that
the pellet press can produce a homogeneous size of pellet. The characterization of the pellet
surface can refer to the SEM image in detail, as show in Figure 3.8(b). As expect,
micro-particles are great stick together and form a uniformly pellet surface. However, PVP is
distributed non-uniformly around the pellet, which may cause the pellet separate into a few
agglomerates after the separation stage due to increased bind strength between some of
micro-particles. This is because PVP solution may be settle in the stainless steel

micro-particles during the drying process.
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Figure 3.6: Schematic diagram of the pellet press

Figure 3.7: The ground slide holder
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Figure 3.8: (a) The realistic pellet press and the fabricated pellets (b). SEM image of the top

surface of the pellet

3.3.3.4 Characterization of the microneedle

A MN patch (Adminpatch 1500) which has 31 MNs on a1 cm? circular patch was used. As
show in Figure 3.9(a), the MNs are distributed as a diamond array on the patch. The space
between two MNs on the side direction is 1546 um. The spaces between two MNs on the two
diagonal directions are 1970 and 3000 um. In addition, a top view of a single microneedle and
a side view of the microneedle array have taken by the SEM to analyse the width, thickness
and length of the MN. As shown in Fig 3.9(b-c), the length, thickness and width of each MN
are 1500, 78 and 480 um, respectively. The characterization of the Adminpatch MN 1500 is
listed in the Table 3.2.
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(a) 6mm

(b)) 200

Figure 3.9: SEM images of the Adminpatch MN 1500: (a). The overall view (b). Top view of

a single microneedle (c). Side view of a microneedle array

Table 3.2: The size of the Adminpatch 1500

Size Length (pm)
Thickness 78
Length 1484
Width 480
Space on the Diagonal line direction 1 1970
Space on the Diagonal line direction 2 3000
Space on the side direction 1546

3.3.3.5 Characterization of the meshes

Stainless steel woven meshes were chosen in this case due to their strength, higher open area
and their acceptance in pharmaceutical research. Three different mesh sizes were used in this
study for pellet breakage, which are explained more in Table 3.3. As shown in the table, the

mesh pore size decreases with an increase in mesh size. The wire diameter also has an effect
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on the pore size and to some extent on the fractional open area. However, for the meshes used

here the fractional open area remains approximately the same, which allows for easier

comparison of the results for the different pore sizes.

Table 3.3: Important properties of the meshes

Mesh size Pore size (um) Wire diameter (pm) Open area (%)
50 310 0.20 37%
80 178 0.14 31%
120 122 0.09 33%

3.4 Results and Discussions
As stated earlier, the micro-particles delivery process can be divided into three stages,
namely, acceleration, separation and deceleration. In the following sections the results

corresponding to each of these stages are presented and discussed.

3.4.1 Particle acceleration stage

3.4.1.1 The velocity measurement of the ground slide

Some of the key variables of importance in this study are the operating pressure, the barrel
diameter and length, and their effects on the velocity of the ground slide. The pellet velocity
is also of importance which is equal to the ground slide velocity at the end of the barrel. The
operating pressure of the receiver (Figure 3.1) is another major factor that affects the velocity
of the ground slide. In the developed rig, a significant pressure drop occurs after the release of
gas from the receiver due to a converging area of the receiver and losses in a solenoid valve
attached to the receiver. Therefore, the pressure inside the receiver is not the actual pressure
that accelerates the ground slide. The pressure at the start of the barrel is directly measured by
a pressure transducer, as explained in the section 3.3.2. The pressure inside the gas receiver
ranges from 10 to 40 bar while the actual pressure to accelerate the ground slide varies
between 3 to 6 bar as measured by the pressure transducer, i.e. there is about 70 - 85 %
pressure drop for the system as the gas is released from the receiver. In order to detect the
effect of the barrel length on the velocity, two barrels of 250 and 500 mm lengths were used
in the experiemnts. As shown in Figure 3.10, the velocity of the PTFE ground slide shows a
positive correlation with the actual acceleration pressure. The particle velocity can achieve a

maximum of 102, 123, 139 and 148 m/s at 3, 4.5, 5.5 and 6 bar pressures for the barrel with
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500 um length. Figure 3.10 shows a significant difference in velocity between the two
different lengths of barrel; longer barrels allow a greater time for acceleration of the ground
slide. For both barrels, the velocity increases at a low rate at higher pressure. The effect of
pressure on the velocity of the ground slide decreases gradually, because of (i) increased
friction and (ii) the length of barrel is fixed, so the time for acceleration is reduced, even
though the acceleration rate itself increases.
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Figure 3.10: The velocity of solid PTFE ground slide against the operating pressure of gas

receiver for different lengths of barrel

Table 3.4: The key variable effect on the mass of the ground slide

Material Diameter(mm) Length(mm) Density(g/cm?) Mass(g)
PTFE 8 12,5 2.2 1.3
PTFE 15 12.5 2.2 4.85

Stainless steel 8 12.5 8.0 4.6
Stainless steel 15 12.5 8.0 17.7

In this study, PTFE and stainless steel ground slides have been prepared to investigate how
the material density affects the ground slide acceleration. The mass of the ground slide for
each material made is listed in Table 3.4 in detail. As shown in Figure 3.11, the velocity of
the ground slide is very different for the PTFE and stainless steel materials at the same
operating condition. The density of the material affects the mass of the ground slide, making
it more difficult to accelerate; hence increased ground slide density has a negative effect on

the acceleration. Similarly, Figure 3.11 shows that an increase of the barrel diameter causes a

52



decrease on ground slide velocity. The mass of the ground slide increases as the barrel

diameter is increased.

Overall, it is obvious that the mass of the ground slide is important in the acceleration stage.
As expected, the mass increases as the barrel diameter is increased. It also increases with an
increase in the material density and ground slide length. On the other hand, the velocity of the
ground slide decreases with the increase in its mass. These suggest that a narrow diameter
should be used for such studies as it reduces not only the ground slide diameter but also its

mass.

180

—=—Solid steel - 8 mm diameter
——Solid PTFE - 8 mm diameter
140 —o—Solid steel - 15 mm diameter
—e—Solid PTFE - 15 mm diameter

160

- 120
100

Velocity (m/s
H )} [0}
o o o

N
o

O T T T T T T

3 4
Pressure (bar)

Figure 3.11: The comparison of the effect of material on ground slide acceleration in the wide

and narrow barrel for two different diameters of barrel/ground slide

Based on the above results (Figure 3.10 and 3.11), a barrel with 8 mm diameter and 500 mm
length and PTFE ground slide (12.5 mm long) were chosen for the following study on the
particle separation stage. The velocity of solid PTFE ground slide is 148 m/s at 6 bar pressure.
The micro-particles can achieve the speed over of 600 m/s at much higher pressure for a CST,
e.g., at 60 bar (Liu et al., 2006; Mitchell et al., 2003). This is because the effect of the ground
slide is to reduce the effect of the fired micro-particles. Mitchell et al. (2003) have used a
LGG (Crozier, 1957) which loaded the micro-particles in a ground slide that the effect of the
ground slide is investigated. It obtained that the; their particle velocity is slow downies were
reduced to 170, 250, 330 m/s at 2, 4 and 6 MPa pressure. However, the pressure drop that

occurs in our system means that all micro-particles are accelerated to the same extent for a
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given barrel length. Therefore, an increased acceleration distance (barrel length) which makes
up for the pressure drop effect for the current system has been chosen. Finally, the particle
velocity for the current system is shown to be slightly different from that in the LGG (Crozier,
1957) operated at 20 bar pressure. As a result, the particle velocity is slower if compared with
the velocity obtained for other types of gene gun, largely due to the pressure drop effect. A
decreased velocity decreases the micro-particle penetration due to a reduction of particle
momentum. However, the application of a solid microneedle patch has promised to remove
this disadvantage since the pierced holes remain in the target tissue when the microneedle
patch is removed and a number of micro-particles can then reach further depths via the

pierced holes. This is explained more in the section 3.4.3.

3.4.2 Particle separation stage

The analysis of the pellet separation for microneedle assisted micro-particle delivery systemis
described below. The passage percentage was analysed in relation to the known pellet
separation variables of operating pressure, PVP concentration and mesh pore size. In addition,
the micro-particles size resulting from the separation stage was studied using scanning

electron microscope.

3.4.2.1 Effect of the operation pressure

Pellet was made using between 40 and 60 mg/ml PVP (pellet binder) concentration and
results were obtained for operation between 2.4 to 4.5 bar pressures and for mesh with pore
sizes of 310 and 178 um. As shown in Figure 3.12a, with increasing pressure (and hence
increasing velocity) the passage percentage increases rapidly at low pressures and then
remains approximately constant. This is because the velocities of the pellets are larger under
higher operating pressures, which cause the separated particles to gain more momentum
before they are disrupted by passage through the mesh. The results show a significant increase
in passage percentage from 2.4 to 3.5 bar followed by much slower increase from 3.5 to 4.5
bar. This means that at lower operating pressures there is a greater effect of pressure on the
passage percentage. It is likely that the passage percentage reaches a maximum and then
decreases due to some particles sticking to the mesh and some rebounding, hence not passing
into the test tube (particle collector). At lower pressure conditions, the impact force on the
mesh is smaller and hence the pellet is not broken up as effectively, sometime forming larger
aggregates of particles, which block the mesh pores. Therefore, a larger amount of the

separated particles were unable to pass through the mesh. Figure 3.12a also shows the passage
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percentage increases with an increase of mesh pore size and a decrease of PVP concentration.
The detailed effects of the PVP concentration and pore size on passage percentage are

explained in the following sections.

Figure 3.12(b) shows that the rebound percentage is decreased from an increase of pressure. It
presents a different performance with the passage percentage. All results present a significant
decrease in passage percentage from 2.4 to 3.5 bar which is about 48%, but much lower from
3.5 10 4.5 bar at 5%. It is likely that the rebound percentage reaches a minimum due to the
pellet is separated properly and the most of the particles are passed the mesh. In this
condition, the stuck percentage on the mesh should be a constant due to the open area of the
mesh is a constant which limit the amount of the particle stick on the mesh. As shown in

Figure 3.12(c), the stuck percentage is kept to approximately 1% at each condition.

3.4.2.2 Effect of PVP concentration

In general, the binding strength of the pellet increases with an increase in the PVP
concentration, which in turn causes the passage percentage to decrease. The effect is however
guite weak, as shown in Figure 3.13 which suggests that the passage percentage only
gradually decreases with an increase of PVP concentration. The fall in passage percentage
with increasing PVP concentration is due to the greater adhesive forces and increased strength
of pellet, which are present in the higher PVP concentrations. The larger particles or
agglomerates, i.e. those which are greater in size than the mesh opening, are unable to break
up as the PVP concentration increases which means that they cannot pass through the mesh.
Instinctively, the effect of PVP concentration on passage percentage should be lower at higher
operating pressure. This is because the impact force on the mesh is larger causing the pellet to
separate more easily. However Figure 3.13 shows that the range of binder concentrations used
here does not lead to a significant change in the percentage of the pellet which passes through

the mesh.
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Figure 3.12: The effect of operating pressure on the pellet separation for two different PVP
concentrations: (a). Passage percentage (b). Rebound percentage (c). Stuck percentage
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Figure 3.13: The PVP concentration effect on the particle passage percentage at various

pressures

3.4.2.3 Effect of the mesh pore size

The effect of the mesh pore size on the pellet separation is one of the main variables that
affect the particle separation. This is because the pore size is able to affect the size of the
separated particles that pass through the mesh. This characteristic of the mesh could also
affect the passage percentage, e.g. by blocking if the smallest mesh pores. To investigate the
effect on the pellet separation, three different pore size meshes are studied at a constant
pressure of 4.5 bar. The detailed information is explained in the Table 3.3, which shows that
although the pore size changes, the fractional open area remains approximately constant for

these meshes.

Figure 3.14 shows that the passage percentage exhibits significant differences for the various
mesh pore sizes. As expected, the passage percentage has positive correlation with the pore
size; larger pore sizes allow larger separated particles to pass through. In addition, the PVP
concentration represented a negative effect on passage percentage especially for the smallest
pore size mesh. The mesh with the largest pore size (about 310 um) allowed the highest
passage percentage of particles to pass through for each PVP concentration. In contrast, the
mesh with the lowest pore size of 122 um yielded the lowest passage percent. The next
section discusses the effects of pore size and PVP concentration of the size distribution of the

separated particles.
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Figure 3.14: The particle passage percentage against PVVP concentrations for various mesh

sizes

3.4.2.4 The analysis of the separated particle size

To achieve the desired particle delivery, one of the factors that are crucial to control is the
size distribution of the separated micro-particles. In general, the mesh pore size is able to
manage the size distribution of the separated particle as it prevents passage of large particles.
In this study, three different meshes were used at pressure of 4.5 bar in order to find out the
effects of mesh pore size on the separated particles. The detailed information on the meshes is
shown in Table 3.2. Figure 3.15a shows an SEM of the particles produced by the mesh with
pore size 122 um; the pellet has been efficiently broken into individual particles with only a
few small agglomerated particles. The maximum size of the agglomerated particle is about 50
um. As expected, this mesh resulted in a lower passage percentage compared to the results of
the other two meshes. The passage percentage improved for the mesh with pore size 178 um
(as shown in Figure 3.14) and the resulting separated particles are shown in Figure 3.15b.
This mesh also broke the pellet into individual particles and prevented passage of large sized
agglomerates. The maximum size of the separated agglomerates is about 70 pum. The
application of the mesh with pore size 310 um gave the maximum passage percentage.
However, as Figure 3.15c¢ indicates some large agglomerated particles remain; the size of the

largest agglomerate goes up to about 175 pm.
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Overall, it can be concluded from this section that the size of the separated particles is
controlled by the mesh pore size. The two smaller pore sizes resulted in effective pellet

separation into individual particles, with relatively few large agglomerates.
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(c) : 600pm

Figure 3.15: SEM image of the separated particle size which is made of 40 mg/ml PVP
concentration and operated at 4.5 bar pressure: (a): 122 pm pore size (mesh 120), (b) 178 um

pore size (mesh 80), (c) 310 um pore size (mesh 50)

The PVP concentration is also a major factor in determining the size distribution of the
separated particles as it provides a binder which affects the strength of the pellet and binds the
particles. Four different PVP concentrations were used to make the pellets which were fired at
a pressure of 4.5 bar and mesh with pore size 178 um. Figure 3.16a shows the separated
particles for 40 mg/ml PVP concentration. As can be seen, the pellet was efficiently broken
up into individual particles with only a few small agglomerated particles. The passage
percentage decreased only slightly after increasing the PVP concentration to 60 mg/ml for the
pellet and the resulting particles are shown in Figure 3.16b. A number of agglomerates were
observed at this condition. As shown in Figure 3.14, the passage percentages are not
significantly different for different PVP concentrations between 60 to 90 mg/ml. Figure
3.16b-d shows that some agglomerated particles were able to pass through pores of the 178
mm mesh. However, a 40 mg/ml PVP concentration made pellet provides a good control on
the size distribution of the separated particle and a higher passage percentage, i.e. it has
sufficient binder strength to form the pellet that can be manipulated and mounted on the

ground slide, but not so much strength that it affects particle separation.

60



The results show that size distribution of the separated particle is tends to be narrow for the
smaller mesh pore size. Meshes with pore size 122 and 178 pm displayed a good quality of
the size distribution for 40 mg/ml PVP concentration made of pellet. In addition, a mesh with
a pore size of 178 um yields a higher passage percentage. Large separated particles can
significantly damage the target tissue are detrimental and hence are not acceptable in this
study. In addition, the strength of the pellet also does not allow the particles delivery due to a
lack of particle separation. Most of the pellets should be separated into individual
micro-particles, and the maximum agglomerated particle size should be kept below a target of

70 pm.
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(d) 600um
Figure 3.16: SEM image of the separated particle size which is operated at 4.5 bar pressure
and mesh with pore size 178 pum: (a): 40 mg/ml PVP concentration made of pellet, (b): 60
mg/ml PVP concentration made of pellet, (c): 75 mg/ml PVP concentration made of pellet,

(d): 90 mg/ml PVP concentration made of pellet

3.4.3 Deceleration stage

3.4.3.1 The micro-particle penetration in agarose gel

An aqueous gel made using 0.02 g/ml agarose was chosen as a target medium to study the
effect of the solid microneedle application on the micro-particle penetration. In the
experiment, agarose powder is dissolved into water and heated in a microwave heater which
is then added into a sliced test tube. The test tube is covered solidly from one side with a
removable film. Thus, a flat surface of agarose gel is obtained after the removal of the film
when the gel is set in the test tube. The MN array is manually pressed by putting a flat plate
on the back of the MN array which provides a uniform force to pierce the MN into the gel
until the backing surface of the MN just contacts the gel surface. This flat surface is used as
an object of reference for the determining the insertion of the MNs. Also it is used for the
measurement of the particle penetration depth. Figure 3.17 shows a typical the distribution of
the stainless steel micro-particles after impact on surface of the agarose gel. As can be seen,
the micro-particles were non-uniformly distributed of the gel, with a maximum concentration
at the centre coinciding with the impact position of the pellet on the mesh. In this experiment,

the microneedle array (see Figure 3.9) had been pressed into the surface of the gel and then
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removed. The holes created by the microneedle array are clearly visible and they remain on
surface of the agarose gel. The size and shape of these holes change only very slowly with
time after the microneedles are withdrawn. The agarose gel is a viscoelastic material like skin
and the MN holes therein shrink with time. We have used 10 holes to obtain an average
length of the pierced holes in the agarose gel which is found to be approximately 720 pm
when Admipatch MN 1500 is inserted.

100pm

LAl Em e

Figure 3.17: An image of the micro-particle sprayed on an agarose gel

Table 3.5: The penetration depth of the micro-particles

PVP concentration | Pressure (bar) Maximum Penetration depth
(mg/ml) Penetration depth without hole (um)
with hole (um)
40 4.5 515.7£124.3 221.4+44.8

3 508.6+137.2 118.7+20.3

In order to determine the micro-particle penetration, agarose gel was cut into thin slices
(approx. 1 mm thick) by razor sharp blades and analysed in more detail using a digital optical
microscope (Eclipse 3100 and Digital Sight, Nikon). As shown in Figure 3.18, the holes were
formed and remained in the gel after the application of the solid microneedle. Figure 3.18 also
shows that the stainless steel micro-particles were visible in the gel surface and within the
holes. As can be seen, the micro-particles seem to have a larger penetration depth compared
to those that have not entered through the pierced holes on the left size of the figure. As
expected, the micro-particles can penetrate into a deep area via the holes. The other
micro-particles only have a little penetration without the hole. The maximum penetration

depths are shown in Table 3.5 in detail.
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As discussed before, Mitchell et al. (2003) used a LGG to accelerate 99 um diameter
polystyrene micro-particle and achieved a maximum penetration depth of 150 um at 60 bar
pressure. Kendal et al. (2004a) used a convergent-divergent device to accelerate gold particles
of diameter 1.8 um which achieved a maximum penetration depth of 78.6 um at 60 bar. As
can be seen from Table 3.5, the maximum penetration depth in this study seems to improve in
comparison of the results of Mitchell et al. (2003) and Kendall et al. (2004a). However, an
agarose gel of concentration 2% may not mimic the human skin properties exactly and as
such, the implication of the mechanical properties of the target should be analysed in more
detail. Nevertheless, the results in this section show that the application of a solid microneedle
has a beneficial effect on the micro-particle penetration depth. In addition, the agarose gel
provides a good condition for the measurement of the micro-particle penetration depth by a
digital optical microscope. A skin mimicking agarose gel will be considered in another study
to demonstrate further that microneedle based system has a positive effect for micro-particle

delivery and the implications of the mechanical properties of the target tissue.

Figure 3.18: Optical microscope image of stainless steel micro-particle penetration into

agarose gel (40 mg/ml PVP, 5 bar, Mesh with pore size 178 um)

3.5 Chapter Summary

An experimental rig involving a micro-particle delivery and injection system has been built in
this study to determine if solid MNs can enhance the penetration depths of the low density
micro-particles which may be used to deliver genes and drugs. For the purpose of this design,
the micro-particle delivery process has been separated into three stages. For the first stage,
namely, the acceleration stage, the results show that an increase in the mass of the ground
slide which carries the particles in the form of a pellet causes a negative effect on the ground
slide acceleration and hence a reduced velocity of the micro-carrier pellet. The mass of the
ground slide is related to its material density and size where the size is typically determined
by the barrel diameter. Based on the present result, a narrow barrel was chosen for the study

of the separation and deceleration stages as it has positive effect on the mass of the ground
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slide and pressure drop. For the separation stage, the passage percentage was measured using
an empty test tube to collect the separated stainless steel particles which had been broken by
passage through a mesh. The results show that the passage percentage increases with pressure
and mesh pore size but decreases with increasing pellet binder concentration. Increased binder
concentration causes an increase of pellet strength, which seems to have a negative effect on
the pellet separation. The mesh pore size affected the break up of the pellets into individual
particles; larger mesh sizes allowed large agglomerated particles to pass through, which is not
desirable. The mesh pore size has a significant effect on the size distribution of the separated
particle and it can separate the pellet properly into individual particles. In addition, higher
binder concentration pellets led to an increased number of large agglomerated particles. This
is not desirable because the large particles can significantly damage the target tissue. Pellets
bound with 40 mg/ml PVP yielded a higher passage percentage and a good control on the size
distribution of separated particle based on the application of 178 um pore size mesh. For the
deceleration stage, 2% concentration of agarose gel was chosen as a transparent target
material to study the effect of solid MN application on micro-particle delivery. The results
show the pellet is well separated and sprayed onto the target; a number of stainless steel
micro-particles can penetrate a deep area inside the gel due to the holes created by the solid
MN application. The maximum penetration depth is comparable with previous study (e.g.
Kendall et al., 2004a; Mitchell et al.,, 2003) and in some cases shows a significant
improvement, but without the need for high pressure gas flows which can damage soft tissues.

However this should be investigated further in a future study.
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4. Microneedle assisted micro-particle delivery: Experiments using

skin mimicking agarose gel

4.1 Chapter Overview

A set of laboratory experiments has been carried out to determine if microneedles (MNs) can
enhance penetration depths of high speed micro-particles delivered by a type of gene gun. The
micro-particles were fired into a model target material, agarose gel, which was prepared to
mimic the viscoelastic properties of porcine skin. The agarose gel was chosen as a model
target as it can be prepared as a homogeneous and transparent medium with controllable and
reproducible properties allowing accurate determination of penetration depths. Insertions of
various microneedles into gels have been analysed to show that the length of the holes
increases with an increase in the agarose concentration. The penetration depths of
micro-particle were analysed in relation to a number of variables, namely, the operating
pressure, the particle size, the size of a mesh used for particle separation and the MN
dimensions. The results suggest that the penetration depths increase with an increase of the
mesh pore size, due to the passage of large agglomerates. As these particles seem to damage
the target surface, then smaller mesh sizes are recommended; here a mesh with a pore size of
178 wm was used for the majority of the experiments. The operating pressure provides a
positive effect on the penetration depth, i.e., it increases as pressure is increased. Further, as
expected, an application of MNs maximizes the micro-particle penetration depth. The
maximum penetration depth is found to increase as the lengths of the MNs increase. e.g., it is
found to be 1272 + 42 pm, 1009 + 49 um and 656 + 85 pum at 4.5 bar pressure for spherical
micro-particles of 18 + 7 um diameter when we used MNs of 1500 wm, 1200 um and 750 pm

length, respectively.

4.2 Introduction

Gene guns have been shown to be useful for delivery of DNA vaccines into tissues (Joseph et
al., 2012; O’Brien and Lummis, 2011; Fuller et al., 2006; Trimble et al., 2003; Bellhouse et
al., 1999). These delivery systems are primarily accelerators of micro-particles, which deliver
DNA loaded micro-particles into target tissues to achieve the desired gene transfection
(O’Brien and Lummis, 2011; O’Brien and Lummis, 2006; Zhang et al., 2001; Sanford et al.,
2000). The micro-particles are generally required to penetrate to epidermis layer within the
target to carry out the desired effect of gene delivery and, as such, the penetration depth of the

micro-particles is one of the major variables studied in gene delivery research. Ziegler (2008)
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has indicated that an acceptable DNA delivery requires that the micro-particles penetrate into
the target skin tissue by approximately 20 - 100 um. However, the top layer of the skin, i.e.,
the stratum corneum (SC), limits the penetration depths for the particles (Kendall, 2006;
Fuchs and Raghavan, 2002) due to its resistance to particle motion. Furthermore, whatever
the particles achieve in terms of penetration depths in the target tissue, depends on a number
of key variables such as the operating pressure, particle size, properties of the target tissue,
etc. (Soliman and Abdallah, 2011; Arora et al., 2008; Zhang et al., 2007; Brown et al., 2006;
Mitchell et al., 2003).

In general, the micro-particles follow two routes of penetration into the target tissue, which
are the extracellular and intercellular routes (Mitchell et al., 2003). The extracellular route is
followed during delivery of large particles, when the tissue is damaged between the cell
boundaries. Soliman (2011) has suggested that particles which have larger diameters, e.g. 15 -
100 um, are expected to penetrate by extracellular failures of the tissues. In this case, an
increased size of lower density micro-particles can achieve sufficient momentum to breach
the target layer and penetrate further to the desired depths inside the target tissue (Hardy et al.,
2005; Chen et al., 2001). Due to their biocompatibility and low cost, biomedical grade
stainless steel and polymeric micro-particles are considered to be good choices to replace high
density gold particles. For example, polymeric micro-particles of 15.5 and 26.1 um diameters
have been delivered at 6 MPa in a conical nozzle by Quinlan et al. (2001). Kendall (2002) has
also used converging-diverging nozzle to deliver polystyrene micro-particles of 26.1 and 39
um average diameters at 4 MPa to velocities of 365 and 350 m/s, respectively. Truong et al.
(2006) have used polystyrene particles of 15 and 48 pm diameter at 6 MPa in a contoured
shock tube (CST). Liu et al. (2006) have operated with polystyrene particles of diameter 40
um at 6 MPa to study the particle velocity for a CST. Mitchell et al. (2003) have used
stainless steel micro-particles of 25 um diameter and concluded that the particles can
penetrate up to 150 um into excised canine buccal mucosa at a velocity of 170 m/s.
Polystyrene particles of 15.5, 25, 48 and 99 um diameters have also been operated at 2, 4 and
6 MPa pressures in the light gas gun (LGG) by Mitchell et al. (2003).

Based on these previous studies, it can be concluded that the diameters of low density
micro-particles (e,g., polystyrene and stainless steel) which have been used in gene delivery
typically ranged between 15 to 100 pm. Furthermore the operating pressures for particle

delivery fall in the range between 2 to 6 MPa, which may be considered to be high in many
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devices. Xia et al. (2011) have indicated that 200 psi (1.4 MPa) should be the maximum
pressure for biolistic transfer of micro-particles to tissue without any damage to the target
material. Traditionally, heavy metal micro-particles including tungsten (Morgan et al., 2011;
Williams et al., 1991; Zelenin et al., 1989; Klein et al., 1987) and gold (O’Brien and Lummis,
2011; Rinberg, 2005; Swain et al., 2000) coated with DNA have been used for targeting
tissues. These elements have high densities and are well suited for particle bombardment.
However, tungsten particles have several disadvantages such as non-biocompatibility, DNA
degradation and toxicity to cells (Bastian et al., 2009; Yoshimisu et al., 2009; Russell et al.,
1992). Gold particles carry the disadvantage of being very expensive. Cell damage is another
problem for the biolistic micro-particle delivery. Sato et al. (2000) have used various types of
gene guns to transfer genes into live rodent brain tissue, which confirmed mechanical damage
on cells from micro-particles delivery. However, cell damage decreases from a decrease in
particle size and operating pressure (O’Brien and Lummis, 2011; Xia et al., 2011; Uchida et
al., 2009).

Addressing the points above, a method of delivering micro-particles is explored in this work
using a model experimental rig, which mimics a typical gene gun for delivery of
micro-particles. A model experimental rig is preferred over a gene gun as it allows control
and monitoring of important operating variables. A polytetrafluoroethylene (PTFE) made
ground slide is used in the current rig, which prevents impact of the pressurized gas onto the
target skin and slows down the velocity of micro-particles while achieving the purpose of
minimized cell damage. The rig also makes use of the application of the microneedle (MN) to
overcome the effect of the barrier of micro-particle target, allowing a number of
micro-particles to reach the deeper area of the target tissue via the holes created by MNs.
Micro-particles of biocompatible stainless steel, which have a lower density compared to gold
and tungsten and are cheaper than gold, are used in this work. The mechanisms of MN
insertion in the skin and, in particular, its application in creating well-defined holes in the skin
have been studied for some years. For example, McAllister et al. (2003) have observed that
holes are created in skin indicating that there is an amount of residual strain that remains after
the microneedles have been removed. They have used a cylindrical MN of 20 pum diameter to
perform staining experiments which indicated that the holes remain after removal of the MNs.
Davis et al. (2004) have used a conical hollow MN of 720 um length and 30 - 80 pm tip
radius to insert into the skin to study the holes created after removal the MN. In addition,

Martanto et al. (2004) have used a MN array with a needle length of 1000 um and width of
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200 um by 50 um to create visible holes on a rat skin for drug delivery. Kalluri et al. (2011)
have applied conical MNs of 559 + 14 um length, 213 um base width and 4 pm tip radius on
the skin and reported that they create micro-channels of 60 um surface diameter and 160 + 20

pm depth.

The above studies on gene gun show some situations where the gene guns could be coupled
with  MNs for improved delivery of micro-particle delivery from gene guns in the practice.
This chapter is focused on developing a MN based system for micro-particle penetration. For
the purpose of this chapter, agarose gel is chosen as a target, as it is a homogeneous and
semi-clear material, providing the convenience to measure the micro-particle penetration
depth by a digital optical microscope. Furthermore changing the agarose concentration allows
alteration of the viscoelastic properties of the target from one experiment to another, which is
difficult to achieve in the case of real tissue, e.g. porcine skin. In our experiments, agarose gel
with viscoelastic properties which mimicked porcine skin is used to study micro-particle
penetration. In addition, this chapter is aimed at studying the penetration depth in relation to
important variables which affect the particle penetration, e.g., operating pressure, particle size

and MN length, using the skin mimicked concentration of agarose and others.

4.3 Material and Methodlogy

4.3.1 Material

Irregular shaped and spherical micro-particles made of biocompatible stainless steel were
purchased from Goodfellow Cambridge Ltd. (Huntingdon, UK) and LPW Technology Ltd.
(Daresbury, UK), respectively. Detailed characterization of the micro-particles is introduced
in section 4.3.3.2. Agarose powder was purchased from Sigma-Aldrich Company Ltd.

(Gillingham, UK). Porcine ear skin samples were obtained from a local butcher.

Stainless steel meshes, used for micro-particle separation were bought from MeshUK, Streme
Limited (Marlow, UK).Two different MN arrays (AdminPatch MN 1200 and 1500) which are
1200 and 1500 pm long were purchased from nanoBioSciences limited liability company
(LLC) (Sunnyvale, CA, USA). In addition, an in-house stainless steel MN array which is
made of 750 um long was used in this study. The characterization of each MN array is

explained in section 4.3.3.3.
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4.3.2 Experimental design

A detailed description of a MN based micro-particle delivery system has been introduced in
the previous chapter (see section 3.3.2). Generally, the system comprises an acceleration, a
separation and a deceleration stage. In such a system a pellet of micro-particles is accelerated
by a pressurized gas to a sufficient velocity in the acceleration stage. It is then separated into a
number of small particles by impaction onto a mesh in the separation stage. Finally, the
separated particles penetrate the target which is the final deceleration stage. In order to
achieve the aims of this chapter and carry out an in-depth study of the penetration depth of the
solid micro-particle, an improved version of the experimental rig (Figure 3.1) is used in this
work. Figure 4.1a shows the sections corresponding to the acceleration, separation and
deceleration stages. The improvement has been made in the deceleration stage which contains
the target material for the particles to penetrate. For the purpose of this case, a sliced test tube
(described below) has been placed in the deceleration stage to hold in place the agarose gel,
which acts as a target for the micro-particles. Both ends of the glass tube are open, which

make it convenient to remove the agarose gel without damage, following a penetration test.

In this work, an setup modified from Figure 3.1 is used. It is made by using a sliced test tube
(see Figure 4.1b) which allows observation of particle penetration without the need to slice
the gel. It is based on a polytetrafluoroethylene (PTFE) mold which is placed inside the sliced
test tube, as shown in detail in Figure 4.1b. A test tube is sliced into approximately 1 cm thick
sections where both sides are kept open. The mold is then inserted into a tube piece. The void
space in the mold contains the agarose gel. The mold can separate into two parts, providing a
convenient method for the removal of the gel. Based on the application of the mold, the
agarose gel is prepared into uniform pieces of of 1 cm thickness with smooth surfaces on both
sides to provide a good environment for a digital microscope to detect the micro-particle

penetration.

4.3.3 Experimental methods

4.3.3.1 Data acquisition

(a) Preparation of skin mimicking agarose gel

In this work, agarose gel is used as a skin mimicking target, which allows visualization of the
particles and measurement of the particle penetration depths as a function of number of
variables as discussed later. The method of skin mimicking in this work is based on preparing

an agarose gel, which has similar viscoelastic properties to porcine skin samples collected
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from a local butcher. The skin samples used were the intact fresh skin collected from the ears

of young piglets (5-6 months old).

The procedure to determine the skin mimicking agarose gel to be used as a target for
micro-particles is as follows. First of all, a rotational viscometer with parallel plate geometry
(AR 1000 — N, TA Instruments) was used to characterise the dynamic viscoelastic properties
of the porcine skin samples. In order to increase the accuracy of the skin property
measurement and avoid wall slippage, an upper plate of 2 cm diameter and containing teeth (1
mm deep) was chosen, whereas abrasive silicon carbide paper was fixed to the base plate.
This ensures that internal viscoelastic properties of skin samples are measured, rather than
characteristics of their wall slip. The porcine skin samples were cut into a number of small
pieces which have the same size as the parallel plates for rheological analysis. The teeth plate
was penetrated into the skin to avoid slippage and further to increase the accuracy to measure
the rheology of skin tissue under the teeth. Oscillation test was chosen to analyse the skin and
agarose gel samples in this work. In order to mimic the porcine skin properties using agarose
gel, a wide range of angular frequencies has been used in the viscometer, to investigate the
important time scales of the viscoelastic media. However, in the current experiment, results
from only a narrow range of frequency are presented. All of the tests are performed in the
linear regime, at constant strain and temperature of 1% and 20°C, respectively. The angular

frequency was varied from 84 to 474 rad/sec to measure the dynamic viscoelastic properties.
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Figure 4.1: (a). A schematic diagram of the experimental rig which is an improved version of

the Figure 3.1; (b). A schematic diagram of the agarose gel mold

After determining the dynamic viscoelastic properties of the porcine skin, agarose gels with
different concentrations of agarose were analysed to identify the gel that best matches the
dynamic viscoelastic property of the porcine skin. The gels were moulded into 2 cm diameter
slices and a similar thickness as the porcine skin to provide comparability between results of

the two materials.

The experimental data for both skin and agarose gels are used to determine the storage
modulus (G’) (see equation 4.1) and loss modulus (G”*) (Meyers and Chawla, 1999) (equation
4.2). Those two moduli are related to the strain amplitude vy o, stress amplitude ¢ o and a phase
lag between the strain and stress & of the material. G’ of the samples shows the stored energy
in the material and indicates the elastic properties. On the other hand, the G’’ indicates the
energy dissipated as heat and characterises the viscous properties. The data are used to
calculate the friction coefficient between particle and skin tissue (u’) of the samples as

functions of angular frequency o (Meyers and Chawla, 1999).

G'= ﬁcoss (4.1)
Yo
G"=2%ins 4.2
Yo
Where o, = o/ cos(wt) (4.3)
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Y, = v/ cos(mt —J) (4.4)

w=G""o (4.5)

In the equations t, ¢ and y represent the time, stress and strain, respectively.

(b) Determination of the micro-particle penetration depths and hole lengths

In section 3.4.3, we have shown that the particle penetration depths can be measured by a
digital optical microscope (Eclipse 3100 and Digital Sight, Nikon). As described in §2.2, a
mold is used to prepare the agarose gels to uniform size of 2 mm width, 8 mm length and 1
cm thickness (see Figure 4.1b) and avoided the need for later slicing. The gel was
conveniently removable which avoids damage prior to further analysis. In the experiment, a
uniform force to pierce the MN array into the gel was achieved by manually pressing it on a
flat plate which is placed on the back of the MN array. The MN patch was pressed carefully
until it reached the flat surface of the gel. The gel was taken out and analysed by microscope
directly. Several digital images are taken, and the particle penetration depth was measured by
an image processing software (Image J) using the digital images. Calibration of these images
was conducted using a graticule. The time scale between MN removal and observation of
holes was approximately 30 seconds. The experiment of MN insertion was repeated three
times for the gel per concentration to increase the reliability of the results and verify the
length of the pierced holes. For the measurement of the micro-particle penetration depth, the
procedure was the same with the detection of the hole lengths. The only difference is that the
micro-particles were fired into the gel. The time scale between firing micro-particles and

observation of penetration depth was approximately 2 minutes.

4.3.3.2 Characterization of the irregular stainless steel micro-particles

Two supplies of biocompatible stainless steel made of both irregular and spherical
micro-particles were chosen for the purpose of this case. Figure 4.2 shows a scanning electron
microscopic (SEM) image of the applied irregular stainless steel micro-particles; most of the
particles have rough surfaces and the average sphericity was determined as 0.66 + 0.13 from
image analysis. Based on the analysis of a particle size analyser (Coulter LS130, BECKMAN
COULTER, Inc., USA), the particle size distribution was determined which is found to be in
the range of 10 to 80 um, while the the Sauter mean diameter of the particles is 30 + 15um.
The bulk density and porosity of these micro-particles are 3.35 + 0.05 g/cm® and 58.0 + 0.6%,

respectively. A second supply of micro-particles was discussed earlier in the section 3.3.3.2.
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It was much more spherical with an average sphericity of 0.92 + 0.05. Their size distribution

range was between 1 and 20 um and their Sauter mean diameter was 18 + 7um.
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Figure 4.2: A SEM image of the irregular stainless steel (biocompatible) micro-particles

4.3.3.3 Characterization of the microneedles

In this work, three different MNs were used to determine the effects of geometry on the
particle penetration process. Three different lengths of the MNs were chosen so as to confirm
that the trend of results obtained from one particular MN length is observed for another length

of MN.

First of all, a commercially available MN patch namely AdminPatch MN 1500 has been
applied. This maintains continuity of our work as it is, the same MN that array was used in a
previous work (see section 3.3.3.4). The array has a total of 31 MNs which are distributed as a
diamond shape on a 1 cm?circular area. The spaces on the side line and diagonal lines are
1546, 1643 and 3000 um (see Figure 3.9); the length, thickness and width of each of the MNs
are 1500, 78 and 480 um, respectively. In addition AdminPatch MN 1200 was used (see
Figure 4.3a) which has 43 flat MNs and the MNs are distributed more closely on the same
size patch as MN 1500. The spaces on the diagonal lines are 1252, 1970 and 2426 um. The
thickness and width of each MN are the same as AdminPatch MN 1500 array except the
length is 1200 pum. Finally, an in-house fabricated MN array was also used in this work with a
view to increase the range of variables which should provide a better understanding of the

micro-particle delivery process. Figure 4.3b shows the in-house fabricated MN array which
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consist of 3 cylindrical MNs on a circular patch. As can be seen, the tip of the needle, made of

biocompatible stainless steel, is polished flat smooth using sand paper. The pitch, i.e., the

centre-to-centre distance between two MNs is 500 um, and the length and diameter of each

MN are 750 and 250 pum, respectively. The main characteristics of the above three MN arrays

are listed in Table 4.1.

Table 4.1: The characterizations of the MN array used in this study

Name Parameters Value (um)
Adminpatch MN 1500 Length 1500
Width 480
Thickness 78
Space between MNs 1546
Adminpatch MN 1200 Length 1200
Width 480
Thickness 78
Space between MNs 1252
In-house fabricated MN Length 750
Diameter 250
Space between MNs 500

76



Side View

e 100 pm
| W—

(b) -
Figure 4.3: The image of MN arrays: (a) AdminPatch MN 1200 (b) In-house fabricated MN

array

4.4 Results and Discussions

4.4.1 Preparation of skin mimicking agarose gel

Two 2000 um thick porcine skin samples cut from ears were used to study the dynamic
viscoelastic property properties, as described in section 4.3.3.1. The results are presented in
section 4.4.1.1, whereas the dynamic viscoelastic properties of skin mimicking agarose gel

are presented in section 4.4.1.2 in detail. Porcine skin has been used previously as a substitute
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to human skin, as it has similar histological and physiological properties (Dominik et al., 2010;
Edwards et al., 1995; Shergold et al., 2006) and is often used in transdermal drug delivery
studies (Kong et al., 2011). Similarly, agarose gel has been used to mimick skin tissues in
previous studies. For example, Koelmans et al. (2013) have used agarose gel as a skin
simulant to mimic the dermis layer of the skin to study how MNSs interact with soft tissue.
Arora et al. (2007) have chosen agarose gel as a model tissue material to study the penetration
of pulsed micro-jets. Some discussions on the rheology of these materials, which mostly
relate to dynamic stress-strain relationship, can be found in the literature (Huang et al., 2013,;
Zeng et al., 2001; Sliver et al., 2001; Henry et al.,, 1997). We choose to determine the
rheological properties in-house as it provides us the option to control the conditions under

which they are measured.

4.4.1.1 Dynamic viscoelastic properties of porcine skin

In this set of experiments, the dynamic viscoelastic properties of porcine skin were tested at a
constant strain value of 1% and wide range of angular frequency from 84 to 474 rad/s by a
rotational viscometer with parallel plate geometry. Storage modulus (G’) of the samples
shows the stored energy and explains their elastic properties, whereas the loss modulus (G”)
indicate the energy dissipated as heat and characterises the viscous properties. The
temperature on the parallel plate during the experiment was controlled at 20°C to reduce the
thermal effects on the results. Figures 4.4a-c show the dynamic viscoelastic properties of two
porcine skin samples as a function of angular frequency. As can be seen, both samples show
that the G” and G’ increase due to an increase in angular frequency. Moreover, G’ and G”’
are found to match well for the two skin samples, showing consistency of the measurements.
Although G’’ shows a slight difference before 300 rad/s, the difference seems to be negligible
for most practical purposes. Figure 4.4c shows that the friction coefficient between particle
and skin tissue (n’) decreases with an increase of the angular frequency. The dynamic
viscosities of the two skin samples match closely for angular frequencies above 240 rad/s.
The above results, which suggest that reproducible skin properties can be obtained, provide
some confidence to characterise the skin using this viscometer. Finally, it points out that the
friction coefficient between particle and skin tissue over a wide range of strain rates remains

approximately constant at about 20 Pa s.
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4.4.1.2 Porcine skin mimicking agarose gel

In order to simulate the properties of skin by agarose gel, a gel that has the same size as the
porcine skin sample was prepared using a mold and analysed by the viscometer at the same
maximum strain and range of oscillation condition as was used for porcine skin. After testing
a wide range concentration of agarose gel we find that the viscoelastic properties of the
agarose gel where agarose concentration ranges from 0.026 to 0.027 g/ml is close to porcine
ear skin. As presented in Figures 4.4a-c, the concentration of agarose gel is varied from 0.025
to 0.03 g/m. The results of gel which have agarose concentration lower than 0.025 g/ml are
not presented as their viscoelastic behaviour are significantly different from those of the
porcine skin. Figure 4.4a shows the storage modulus of the agarose gel increases with
increasing angular frequency, in agreement with the results for the skin sample. In addition,
the storage modulus of the 0.0265 g/ml agarose gel shows an excellent match with the porcine
skin. For the loss modulus, the agarose gel shows a slight decreasing tendency with an
increase of angular frequency. The results of porcine skin samples present a different
performance with agarose gel. However, the gel concentrations which range from 0.0265 g/ml
to 0.0280 g/ml represent good matches in terms of the loss modulus variations of porcine
skin. Figure 4.4c¢ shows the agarose gel has a friction coefficient between particle and gel that
decreases with increasing angular frequency (shear-thinning) which shows a same
performance with porcine skin. After the comparison, agarose gel of 0.0265 g/ml is
considered to match with the porcine skin. The other concentration of agarose gel shows a
significant difference with porcine skin at lower angular frequency. Overall, the results of
0.0265 g/ml concentration of agarose gel seem to fit better with the porcine skin samples, if
compared with the results of other concentration of agarose gel. As expected, these results
demonstrate that it is possible to mimic the porcine skin using an agarose gel, based on the
matching of the dynamic viscoelastic properties of the skin. It is not possible to obtain an
exact match over a whole range of deformation conditions, but nevertheless, the 0.0265 g/ml
concentration of agarose gel provides a reasonable match and hence will be used to study

micro-particle penetration for the remainder of the experiment.
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Figure 4.4: Skin mimicking based on the dynamic viscoelastic properties by using agarose
gel: (a) storage modulus against angular frequency, (b) loss modulus against angular
frequency, (c) friction coefficient between particle and porcine skin tissue/gel against angular

frequency

4.4.2 Microneedle insertion

There has been a significant amount of MN insertion research which has focused on studying
skin behaviour after a MN array has been applied. The skin reforms after the removal of the
MN due to its inherent viscoelasticity (Olatunji et al., 2013; McAllister et al., 2003).
Therefore, the length of the MNs is often longer than the desired depth in the skin (Bal et al.,
2010; Donnelly et al., 2011; Kolli et al., 2008; Martanto et al., 2004). Furthermore, the holes
created by the MN close up slowly after the MNs have been removed from the skin. In this
case, the agarose gel is prepared into 1 cm thick section (see section 4.3.2). A skin mimicked
agarose gel (0.0265 g/ml) is chosen to study the effect of the MN insertion on the lengths of
hole created by them. In addition, different concentration of agarose were used to investigate
the MN array effect on the hole lengths depending on different properties of the target
material. The hole length is of significant importance in this study as it relates to the particle
penetration depth, as discussed later. In the experiment, agarose gel is molded to give a flat
surface which is used as an object of reference for the insertion of MN. Observations of MN
insertion and removal into agarose gel, results in holes which are smaller than the dimensions
of the MNs; these holes close rather quickly to an equilibrium size after the MN has been
removed, indicating that the target material has relatively short relaxation times for its elastic

response.
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Figure 4.5 shows the length of the created holes by different MNs for various concentrations
of agarose in the gels. As expected, the length of the hole is less than the MN length. This is
because of the MNs do not penetrate into the gel fully. In addition, the results show that the
hole length has a positive correlation with the concentration of agarose in the gel. This is
because an increased concentration of gel causes an increase in both the loss and storage
moduli and the friction coefficient between particle and gel, which help to retain the hole size
for longer duration. Figure 4.5 also shows that the average hole lengths increased with
increasing needle length. The holes created by AdminPatch MN 1500 and 1200 close up fully
at 0.02 g/ml concentration of agarose. The thickness of the MNs (78 pum) on those
AdminPatch designs are so small that the holes are unable to remain open when viscoelastic
moduli and viscosities fall too low. However, the holes created by in-house fabricated needle
remained intact at 0.02 g/ml concentration of agarose as the diameter of these needles is

considerably larger at 250 pm.
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Figure 4.5: The MN insertion in the various concentration of agarose gel

In the experiment, 10 holes were measured to obtain the average lengths of the pierced hole.
These experimental results suggest that the average hole lengths are 1149 + 58, 1048 + 69 and
656 + 44 pm for skin mimicked agarose gel (0.0265 g/ml) for AdminPatch MN 1500 (length
= 1500 um), AdminPatch MN 1200 (length = 1200 um) and in-house fabricated needle
(length = 750 um), respectively. The results indicate that the holes shrink to about 87% of the
original lengths of the MN after approximately 1 minutes. In addition, the diameter of the
holes created by the in-house fabricated needle shrink to about 156 + 12 um. For AdminPatch
MN 1500 and 1200, the widths of the hole are 302 £+ 26 and 292.8 £+ 18 um, respectively. The
holes shrunk to about 62 % of the width of the MN. McAllister et al. (2003) reported a
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residual hole radius of 6 pum following insertion of MNs with radius of 10 um such that the
holes shrunk to about 60 % of the radius of the MNs. It shows that the results of hole
shrinkage between skin mimicked concentration of agarose and real skin are well correlated.
The above results provide some confidence that the skin mimicked concentration of agarose is

acceptable to replace the skin for further studies of the micro-particle penetration.

4.4.3 Measurements of the micro-particle penetration depth

In the previous chapter, wehas indicated that pellets which are bound together with 40 mg/ml
PVP concentration provides a good pellet separation, if a mesh of 178 pum pore size is used. In
continuation of the previous chapter, pellets of 40 mg/ml PVP concentration are applied in
this work to find out the effect of the key variables on the micro-particle penetration depth. In
this case, an agarose gel is prepared into 1 cm thick slice (see section 4.3.2) and used for the
analyse of the penetration depth is analysed in relation to the mesh pore size, operating
pressure, particle size, MN length and agarose gel concentration (this represents different
viscoelastic properties). Each condition is studied three times to accurately determine the
penetration depth of micro-particles and verify the accuracy of the results. It is worth
mentioning that the maximum operating pressure is limited to 5 bar as the PTFE made ground
slide might crash after the impaction at the end of the wall. The crashed ground slide may

destroy the mesh and affect the experiment results.

4.4.3.1 Effect of the mesh pore size

In theory, the particle penetration depths should increase with an increase of the mesh pore
size, which allows larger particles to pass through; consequently, they have more momentum
to breach the target. In order to determine the significance of this effect for the particle
delivery, two different meshes with pore size of 178 and 310 um were applied and their
effects on the micro-particle penetration were studied in this section. Figure 4.6a shows the
side view of the micro-particles penetration in the skin mimicked agarose gel, without any
MN application for a mesh of 178 um pore size. As can be seen, the pellet has broken up into
the micro-particles as it has passed through the mesh and the micro-particles are mainly

distributed around the centre of the gel, i.e., the central impact point of the pellet on the mesh.

A large number of particles are visible close to the top surface, but the vast majority have
penetrated only about 100 um into the gel. There are such a large number of particles in this

region close to the surface that individual penetrations are difficult to distinguish.
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However, the top surface of the gel can be defined as shown in Figure 4.6a. Some
micro-particles penetrate deep into the gel, which are clearly visible. There are about 30
micro-particles which have penetrated deeper into the gel and their positions are analysed by
image processing software (Imagel) to measure the average maximum penetration depth
which is found to be 210 = 23 pum at 5 bar operating pressure. It is worth mentioning that the
penetration depths of micro-particles are obtained after zooming figure to measure the
distance between micro-particle and top surface based on the scale. These are shown in the
figure. In the magnified view of Figure 4.6a, it is clear that some particles penetrate deep into
the gel, by creating a channel or hole, which remains open even after the particles have come
to rest. The magnified view also shows that some of the particles with the largest penetration
depths are agglomerates; increased agglomerate sizes would lead to higher particle

momentum and hence greater penetration depths.
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Figure 4.6: The effect of the mesh pore size on micro-particle penetration (a) particles passed
through a mesh of 178 pum pore size (b) particles passed through a mesh of 310 um pore size

(operating pressure: 5 bar; agarose gel concentration: 0.0265 g/ml)

Figure 4.6b shows the micro-particle penetration without MN application following
separation of the pellet by a mesh of 310 um pore size at 5 bar driving pressure. As can be
seen, a lot of micro-particles are distributed around the surface of the gel. Furthermore, larger
penetration depths were often found due to the application of this mesh, because the large
agglomerated particles have more momentum and hence are better at piercing the target. The
maximum penetration depth in this case is more than for the results (Figure 4.6a) obtained
from the mesh of 178 um pore size. However, large agglomerated particles which pass the
mesh may damage the target area, as is indicated by the uneven/broken surface of the gel.
Therefore, these results suggest that the 310 um mesh pore size may not be acceptable for the
MN based system for the conditions chosen in these experiments. In addition, the application
of mesh with 178 um pore size is shown to have a higher passage percentage and a more
effective pellet separation in a previous chapter (Chapter 3). Considering the passage
percentage and pellet separation state, led to the conclusion that the 178 um pore size of mesh
should be used for the rest of the study for determining the effect of operating pressure,

particle size, MN size and agarose gel concentration on the penetration depth.

4.4.3.2 Effect of the operating pressure and particle size
The operating pressure and the particle size are two major variables which affect the
micro-particle penetration depths. The momentum of the particles is directly related to those

two variables. Here the AdminPatch MN 1500 has been applied to investigate the MN effect
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on the particle penetration depth and the combined effect of the operating pressure, particle
size and MN array on the penetration depth is presented in Figure 4.7. In this case, spherical
stainless steel micro-particle of 18 um and irregular stainless steel micro-particle of 30 pm are
used to study the particle size effect on the penetration depth. As expected, the application of
a MN array has a very significant effect on the penetration depth. This is because the holes
created by the MN array provide a selective path for the micro-particle penetration into the
agarose gel. The holes created by the MN may close up after the particles enter the gel and, as

such, they get fully embedded in the gel.

For the results without needle application, the penetration depths present a positive correlation
with the operating pressure. The penetration depth increases gradually with an increase of the
operating pressure due to the increased velocity and momentum of the particles entering the
target material. In addition, the particle momentum increases due to increased particle size
which also provides a positive effect on the penetration depth. The latter result agrees
qualitatively with the effect of changing the mesh pore size on the penetration depth. In that
case the larger particles sizes arose from agglomerates remain un-separated after passage

through the mesh; these particles penetrated further.

For the result with MN applications, the operating pressure has a positive effect on the
penetration depth for 30 um diameter particle. However, it seems that the operating pressure
and particle size are not necessarily the major variables that influence the particle penetration
depths when MNs are applied. The length of the pierced holes is the primary factor which
maximizes the particle penetration depth. As can be seen, the 18 pm diameter particles
provide the maximum penetration depth for 3 to 5 bar operating pressures. The length of the
pierced hole is 1149 * 58 pm when AdminPacth MN 1500 is inserted (section 4.4.2). It helps
the particles to enter into a deeper area at lower pressure. However, there is little difference
between the penetration depths for those two particle sizes. This is because in practice it is not
just the particle size, but an interplay of variables which determines the penetration depth. In
this case, it seems that uniformity of the pore size forms fairly similar sized particle
agglomerates. Therefore, the penetration depth is not directly influenced by the size of the

individual particles.
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Figure 4.7: The effect of the particle size and operating pressure on the penetration depth
(note: the 18 wm and 30 um particles are the regular (spherical) and irregular stainless steel

micro-particle, respectively (agarose gel concentration: 0.0265 g/ml)

Figure 4.8 shows the micro-particle penetration in the skin mimicked agarose gel after the
application of AdminPatch MN 1500. As can be seen, there are a number of micro-particles in
the gel which have entered through the pierced holes. Figure 4.8a shows the spherical
micro-particles penetration in the agarose gel. As is evident, a large number of micro-particles
have entered from the left size of the pierced hole. This is because the MN hole at the left side
of the image is located around the central impact point of the pellet on the mesh. The number
of micro-particles in the hole decreases as its position moves away from the central impact
point. Figure 4.8b presents the irregular micro-particles penetration at the same operating
condition as for Figure 4.8a. It shows that the amount of the irregular micro-particles
penetrated in the pierced holes is less than that of the spherical micro-particle. This is can be
explained as follows. The thickness of the MN is only 78 um and the thickness of the pierced
hole is further reduced due to the shrinkage of the gel. Furthermore, the average diameter of
the irregular particles is about 30 um and hence it may form larger agglomerates, which are
comparable in size with the thickness of the holes. These factors may result in significant
non-penetration of the irregular particles into the holes. On the other hand, the average
diameter of the spherical particles is 18 pwm which is significantly smaller than the thickness

of the hole. Therefore, more spherical particles penetrate into the holes.
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Figure 4.8: The micro-particle penetration in the skin mimicked concentration of agarose gel

based on the application of AdminPatch MN 1500 (a) Spherical micro-particle of 18 um
average diameter, and (b) irregular micro-particles of 30 um average diameter (operating

pressure: 4.5 bar, mesh pore size: 178 pum; agarose gel concentration: 0.0265 g/ml)

4.4.3.3 Effect of the microneedle length on particle penetration depth

In general, the maximum penetration depth is related to the size of the applied MN due to the
effect of the holes created. However, as presented in Figure 4.9, the maximum micro-particle
penetration depths differ significantly between each MN array at various operating pressure
of 3 to 5 bar. In this case, spherical stainless steel micro-particle of 18 um average diameter is
used due to its uniform particle size distribution. Further, it seems that they can be easily
identified inside the gel. As can be seen, the penetration depths increase with increasing MN
length. An increased length of the MN makes longer holes which provide a positive effect on
micro-particle delivery. Figure 4.9 also shows that the penetration depth gradual increases
from an increase of operation pressure, which agrees with the result presented in the previous
section. As expected, the three MN arrays used in this work provide a positive effect on the
micro-particle penetration depth allowing operation a significantly lower driving pressure.
From these results, the maximum penetration depth can reach 1273.2 + 42.3, 1009 + 49 and
659 + 85 pum at 4.5 bar pressure for AdminPatch MN 1500 and 1200 and in-house fabricated
needle, respectively. The results indicate that the maximum penetration depth could be
controlled by the size of the MN and it is related to the desired depth of the target. MN
assisted micro-particle delivery provides a controllable penetration depths of micro-particles
inside the target using various MN sizes. In practice, it should allow micro-particles to
penetrate into epidermis or further to dermis when the pierced holes cross the epidermis layer

of skin. In addition, the maximum penetration depth increases gradually with the increase in
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operating pressure. It can be safely stated that the effects of the holes on the micro-particle

delivery (e.g., the penetration depth) can be fine-tuned by the operating pressure.
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Figure 4.9: The effect of the MN length on the penetration depth (particle type: spherical

stainless steel micro-particle; agarose gel concentration: 0.0265 g/ml)

4.4.3.4 Effect of the agarose gel concentration on the particle penetration depth

Generally, the resistance to the particle penetration into a target should be different if the
rheological properties of the target change. However, it is not clear at this moment how
significant the changes in the property of the target would be on determining the penetration
depths. To address this issue, agarose gels of different concentrations were chosen to imitate
the condition of different targets. In this case, spherical (regular) stainless steel
micro-particles are used and the penetration of the micro-particles in gels of different agarose
concentrations is studied in order to find out the effect of the target property on the

micro-particle penetration depths.

Figure 4.10 shows the effect of the agarose gel concentrations on the particle penetration
depth. As can be seen, the penetration depth decreases from an increase of the agarose gel
concentration without MN. This is because the higher gel concentration has a greater friction
coefficient which provides more resistance to the micro-particle delivery. However, this does
not happen when a MN is used. As discussed in section 4.4.2, the lengths of the MN holes
increase from an increase of the gel concentration, because the increased friction coefficient
and elasticity are better able to hold the holes open. Therefore, the application of the MNs
causes the penetration depths to increases as the agarose gel concentration increases. Figure
4.10 also shows that the experimental error is lower for higher concentration gel. This is
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related to the lengths of the holes which remain intact for higher agarose concentrations. In
addition, the figure shows that the length of the MN correlates well to the penetration depth,

similar to the results in section 4.4.3.3.
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Figure 4.10: The effect of the agarose gel concentration on the penetration depth (operating
pressure: 4.5 bar; mesh pore size: 178 um; particle type: spherical stainless steel

micro-particle)

4.4.3.5 Further discussion

The penetration route of micro-particles for the microneedle assisted micro-particle delivery
is shown in Figure 4.11. The principle of this technique is that DNA is loaded on
micro-particles which are accelerated to a sufficient velocity to pierce into the epidermis layer
of the skin to achieve the DNA transfection. It presents a similar effect with the needle-free
biolistic micro-particle delivery (see Figure 2.22d). However, a number of micro-particles
penetrate through the pierced hole to reach the desired layer of skin. A controllable maximum
penetration depth of micro-particles can be achieved by varying the hole length. It is more
convenient and flexible, compared with needle-free micro-particle delivery. In addition, the
micro-particles are able to deliver into the dermis layer of skin to allow deeper tissue to be

transfected, depending on the length of hole created by the MN.
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micro-particle delivery

The conditions considered in this case for micro-particle penetration study have been shown
to be useful to gain an insight to the dependence of the penetration of the micro-particles on
many key variables in relation to the MN assisted micro-particle delivery from gene guns.
The penetration depths of the micro-particles were analysed with respect to variations in mesh

pore size, operating pressure, particle size, MN length and agarose gel concentration.

For the effect of the mesh on penetration, larger pore sizes allow large agglomerated particles
to pass through, providing a higher particle passage percentage of the micro-particles (Zhang
et al., 2013). High-speed of large agglomerated particles carry higher momentum and
penetrate further into the target, but they are also more likely to cause damage to external
tissues. In the present case, a mesh with 310 um of pore size allows the passage of larger
agglomerates. Although itachieves a greater penetration depth in the skin mimicking agarose
gel (see Figure 4.6a). It cannot be used for the micro-particle delivery due to the potential
damage to skin. However, O’Brien and Lummis (2011) have shown that cell damage occurs
after the impaction of high-speed micro-particles but it decreases with a decreased particle
size. The use of a mesh with pore size of 178 pum yields well-separated particles which then
can be discriminated as individual particles at a deeper level of the gel (see Figure 4.6b). It
provides better operation due to the blockage of the largest agglomerated particle, despite the

negative effect on the passage percentage.

Based on a consideration of particle momentum, the operating pressure and particle size are
the key variables that affect the penetration depths. The impaction velocity of the particles is
directly related to the operating pressures. An increased velocity implies that the

micro-particles have more momentum to pierce into a deep level of the target. Therefore, the
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penetration depth increases with an increase in the operating pressure. In addition, an
increased particle size provides a positive effect on the penetration depth due to the increased
momentum. In this case, the average penetration depth for the 30 um diameter stainless steel
micro-particles is 168 = 24 um at 5 bar pressure. For the stainless steel micro-particles of 18
um diameter, it only has a penetration depth of 101 + 16 pum. In section 3.4.1, the experiments
have shown that the micro-particles reach a velocity of 122 m/s at 5 bar pressure using the
MN based system. Earlier, Mitchell et al. (2003) have concluded that stainless steel
micro-particles of 25 pm diameter can penetrate 150 um into excised canine buccal mucosa at
a velocity of 170 m/s. It matches well with the penetration of the stainless steel
micro-particles in the skin mimicked concentration of agarose gel in this case. The
penetration route for needle free biolistic micro-particle delivery is presented in section 2.5.2

(Figure 2.22d) in detail.

As expected, an application of a MN array provides a positive effect on the micro-particle
penetration depth. The detailed penetration route of MN assisted micro-particle delivery is
explained in Figure 4.11. The maximum penetration depth of the micro-particles is presented
with a significant increment from the results without MN application. However, the length of
the pierced holes became the primary factor which enhances the particle penetration depths.
An increased needle length provides a positive effect on the length of the pierced holes, which
maximize the penetration depth. However, the maximum penetration depth of the spherical
micro-particles reaches 1272 + 42, 1009 £ 49 and 656 + 85 um at 4.5 bar pressure for
AdminPatch MN 1500 and 1200 and the in-house fabricated needle, respectively. Those
penetration depths were never achieved previously. In our case, the applied operating pressure
is lower than other relevant gene gun system. For example, Quinlan et al. (2001) have used a
conical nozzle employed at 60 bar to accelerate polymeric micro-particles. Mitchell et al.
(2003) have fired stainless steel micro-particle into canine buccal mucosa at 20 bar pressure
using light gas gun. A lower operating pressure causes a decreased velocity of micro-particle
which may avoid severe tissue damage. In addition, an increased penetration depth of
micro-particle allows deeper tissue to be transfected to achieve an efficient DNA transfection
in the tissue if DNA is coated on the micro-particle. Further, one of the main advantages of
the current approach is that the use of the ground slide (see Figure 4.1a) slows down the
velocities of micro-particles and prevents the pressurized gas to reduce the impact force on
tissue to minimize the cell damage. Also it is worth mentioning that the viscoelastic properties

of the target have two important effects on the penetration of the micro-particles; an increased

92



friction coefficient and elastic modulus provide (i) greater resistance to particle motion and
(ii) affect the relaxation of the target material and hence determine the lengths of the pierced
holes for a fixed geometry of MN. However, the desired depths can be achieved by changing

the size of the MN and the operating pressure.

As mentioned earlier the aim of this chapter was to relate the penetration depth to various
parameters. Indeed the extent of delivery, i.e., the mass of particles delivered with and
without MNs, is a very important question that should be analysed in detail. This is related to
a number of other issues (e.g., number of needles/holes per unit area (needle/hole density)).
Furthermore, the effect of the operating pressure and/or particle size on the pore width at the
target surface may be an important factor that controls the extent of delivery rate. These

aspects were not studied in this paper but we plan to analyse these in the future.

4.5 Chapter Summary

In this chapter, a solid MN based system has been presented for an application on the study of
micro-particle penetration. For the investigation of the particle penetration depth, agarose gel
was chosen to mimic porcine skin due to its homogeneous and semi-clear properties which
provides an ideal target material for measuring the micro-particle penetration depth as a
function of other variables, e.g., pressure and particle size. For the purpose of this chapter, it
was found that the dynamic viscoelastic properties of a gel with 0.0265 g/ml concentration of
agarose were close to values for porcine skin; therefore this concentration of agarose gel was
adopted for the bulk of the experiments in this work. Insertions of various lengths of MN in
different concentrations of agarose gel have been examined to investigate the effect of the
microneedle length of the pierced hole in the target. An increase in length of the MN or the
gel concentration leads to an increased hole length. The penetration depth of the
micro-particles in the skin mimicked concentration of agarose was analysed in relation to the
pore size of mesh, operating pressure, particle size and MN size. It was shown that the
penetration depth increases with an increase of the above four variables. In particular, the MN
length is shown to be a primary variable which maximizes the penetration depth of the
micro-particles. Finally, different concentrations of agarose gel were chosen to imitate the
conditions of various targets. Based on a MN application, the maximum penetration depth
was shown to provide a positive correlation with gel concentration. It indicates that the
property of the target should be considered carefully before using the MN based system.

Based on the target property, a specific length of MN array should be decided for the
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micro-particle penetration to a desired depth. In conclusion, the MN based system is useful
for micro-particle delivery where the damage of the target from the gas/particles is eliminated

and the micro-particle system can be designed to reach the desired depth within the tissue.
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5. Microneedle assisted micro-particle delivery: Mathematical model

formulation and experimental verification

5.1 Chapter Overview

Gene gun is a micro-particle delivery system which accelerates DNA loaded micro-particles
to a high speed so as to enable penetration into deeper tissues to achieve gene transfection.
Previously, microneedle (MN) assisted micro-particle delivery has been shown to achieve the
purpose of enhanced penetration depth of micro-particles based on a set of laboratory
experiments. In order to further understand the penetration process of micro-particle, a
mathematical model for MNs assisted micro-particles delivery is developed. The model
mimics the acceleration, separation and deceleration stages of the operation of an
experimental rig aimed at delivering micro-particles into tissues. The developed model is used
to simulate the particle velocity and the trajectories of micro-particles while they penetrate
into the target. The model mimics the deceleration stage to predict the linear trajectories of
micro-particles which randomly select the initial positions in the deceleration stage and fired
into the target. The penetration depths of micro-particles are analysed in relation to a number
of parameters, e.g., operating pressure, particle size, and MNs length. Results are validated
with experimental results obtained from the previous work. The results also show that the
particle penetration depth is increased from an increase of operating pressure, particle size

and MN length. The presence of the pierced holes causes a surge in penetration distance.

5.2 Introduction

Gene guns are aimed at delivering DNA loaded micro-particles into target tissues at high
speed (O’Brien and Lummis, 2006; Yang et al., 2004; Lin, 2000). The penetration depth of
the micro-particles are typically greater than the stratum corneum, i.e., the top layer of skin
(YYager et al., 2013; Kendall et al., 2004a,b; Mitchell et al., 2003; Chen et al., 2002; Quinlan
et al., 2001). To understand various features of the micro-particle delivery and evaluation of
achievable performance from the gene guns, mathematical models are often developed which
aim to simulate the micro-particle transfer process for specific gene delivery system. For
example, Liu (2006) has focused on simulating the velocity distribution in the converging
(conical) section of a venturi system developed for a gene gun, namely, the PowderJect
system (maleo

et al., 1999, 2003, 2006). The particle velocity has been simulated based on a balance

between the inertia of micro-particles and other forces acting on the particles. Zhang et al.
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(2007) have used the programming platform MATrix LABoratory (MATLAB, the
MathWorks Inc., Natick, USA; Shampine et al., 1997) to simulate three different stages of the
particle delivery in a gene gun, namely, acceleration, separation and deceleration stages. In
this work, the particle velocity is analysed on the basis of Newton’s second law in the
acceleration stage, energy conservation is applied to describe the separation of micro-carriers
into micro-particles in the separation stage, and Stock’s law is used to model the
micro-particle penetration in the deceleration stage. Soliman and Abdallah (2011) have used a
commercial turbo-machinery flow simulator, namely, FINE™/Turbo (NUMECA
International, Brussels, Belgium) to simulate the behaviour of gas and particle flow in a
supersonic core jet in a gene gun. This work used Newton’s second law to mimic the particle
trajectories and determine the penetration depths of micro-particles in the skin. As discussed
below, a number of other studies have shown that the penetration depths of micro-particles
depend on the momentums of the particles which again depend on the particle size, density

and velocity.

As well known, human skin is a major component of the body that must be considered in the
study of micro-particle penetration. The skin helps to prevent the entry of foreign substances
into the body (Holbrook et al., 1974; Scheuplein et al., 1971). It also provides a great
resistance to the moving micro-particles during a particle delivery process. The skin consists
of three main layers, which are the stratum corneum (SC), viable epidermis (VE) and the
dermis (Parker, 1991; Phipps et al., 1988). On average the stratum corneum is between 10 and
20 um thick (Holbrook et al., 1974) which may vary in different regions of the body and
amongst different groups of people. The thickness of the epidermis also varies in different
regions of the body but it has been reported to have an average thickness of 20 to 100 um
(Matteucci et al., 2009; Schaefer et al., 1997). In addition, the thickness of the dermis varies
between 1.5 and 3mm (Lambert et al., 2008) and especially on the back it can be up to 4 mm
thick (Rushmer, 1966). The VE of the skin is the target layer for of DNA vaccination for

previous needle free gene gun systems.

In the previous work, it has been shown that the penetration depth of micro-particles could be
improved further to the dermis layer based on the use of MNs by creating holes on the target
which allow a percentage of micro-particles penetrate through to achieve the purpose of
improved penetration depth. In addition, pellets bound with 40 mg/ml concentration of

Polyvinylpyrrolidone (PVP) concentration is found to yield approximately 70% of passage
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percentage of pellet mass with good control on the size distribution of separated
micro-particle using a mesh of 178 um pore size. In the section 4.3.2, we have discussed an
experimental rig for MN assisted micro-particle delivery, which consists of acceleration,
separation and deceleration stages (see Figure 4.1). An improvement of the MN based system
has been proposed by using an array of solid MNs to overcome the effect of the skin on the
particle penetration. The solid microneedle is aimed to create pores/holes in the target tissue
which remain for sufficiently long time after removing the MN. Within that time,
micro-particles can be fired in the same tissue. It has been shown that a number of
micro-particles can penetrate into the tissue via the holes while other micro-particles may be
stopped from penetrating into the target by the non-porous (i.e., without MNs created holes)
area of the tissue. The micro-particle transfer process of this system is divided into three
stages, which are the acceleration, separation and deceleration stages. For the acceleration
stage, a ground slide carries a pellet of micro-particles which are accelerated together to a
desired speed by high pressure compressed air. In the separation stage, the pellet will be
released from the ground slide after it reaches a stopping wall in a barrel; thereby it separates
into micro-particles by a stopping screen with high speed. For the deceleration stage, the
separated micro-particle spray forward, penetrate into the target via the holes made by solid

microneedle and stop inside the target.

In a previous chapter (section 4.4.3), we have shown that the penetration depth of stainless
steel micro-particles is enhanced in a skin mimicking agarose gel by using MNs. The work
uses an agarose powder to prepare an agrose gel of a specific concentration (2.65 g/ml) to
mimic the porcine skin based on its viscoelastic properties. This skin mimicking agarose gel
is considered as a target instead of human skin to analyse the penetration depth of stainless
steel micro-particles in relation to the operating pressure, particle size and MN length due to
their homogeneity and transparency provide a good environment to observe the penetration
by a digital optical microscope. The penetration depth of micro-particles in the gel is analysed
by an image processing software, namely, ImageJ (National Institutes of Health, Maryland,
USA) (ImageJ, 2013). The experimental results have shownthat the penetration depth
increases with an increase of operating pressure, particle size and MN length in a previous
chapter (Chapter 4). Especially, the high-speed micro-particles penetrate further into the
target via the pierced holes which are created by MNs. However, the maximum penetration

depth depends on the MN length which makes different lengths of holes on the target.
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In order to further understand the characteristics of MNs assisted micro-particles delivery, the
present study aims to build a mathematical model to mimic the operation process of the
experimental rig (Figure 4.1) for delivering micro-particles into a target. The micro-particles
are compressed into a cylinder pellet, loaded into a ground slide, and accelerated by a
pressurized air. Thus, the velocity of the pellet is equal to the velocity of the ground slide at
the end of the barrel for this set up. The pellet is broken up into separated micro-particles
which pass through a mesh. As expected, the velocity of the separated micro-particle

decreases due to energy loss from the impaction and passage though the mesh.

In this chapter, a mathematical formulation is presented where the initial velocity of the
separated micro-particle is one of the variables that determine the penetration depth of the
micro-particle in the deceleration stage. The detailed mathematical principle of the model is
presented in section 5.3.1. The presented model is formulated to mimic the acceleration,
separation and deceleration stages of MNs assisted micro-particles delivery using MATLAB
(Version R2012b). It quantifies the effect of operating pressure on the velocity of the ground
slide and compares the results with previous experimental data obtained from section 3.4.1.1
to verify the acceleration stage of the model. In addition, the trajectories of the micro-particles
in the deceleration stage are simulated to determine the routes of the micro-particles and
distribution of the micro-particles in the three layers of skin. The developed model is used to
study the penetration depth of micro-particles in relation to operating pressure, particle size
and MN length and these are compared with a selection of experimental results obtained in

previous chapter (Chapter 4).

5.3 Material and Methodology

5.3.1 Governing equations for micro-particle delivery in various stage

As discussed earlier, the MNs assisted micro-particles delivery process consists of
acceleration, separation and deceleration stages. Brief operation principles of each stage and
the corresponding governing equations that have been used to quantify the process are

presented in the following sections.

5.3.1.1 Acceletration stage
Acceleration stage uses a compressed gas as a driving force to accelerate the ground slide to a
certain velocity which is controlled by the operating pressure in the receiver (see Figure 4.1).

A compressed gas (air in this case) is released from a gas cylinder and stored in the receiver.
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The pressure inside the receiver is detected by a sensitive pressure transducer. Before the
solenoid valve of the system is opened, the initial volume and pressure inside the receiver are
V. and P;. After the valve is opened, the gas expands and accelerates the ground slide. The
volume of air increases to V, and the pressure decreases to P, Assuming that the gas expands

adiabatically, we can apply the Boyle’s law (Webster, 1995) to obtain:
PV, =P, (Vl +V, )V (5.1)

Where v is the heat capacity ratio. This process defines gas as a fluid where v = 1.4 for

diatomic gas and v = 1.6 for a monatomic gas.

In the acceleration stage, only air does work on the ground slide. The work done by the gas is:
L
LPﬂszE (5.2)

Where L is the length of the acceleration stage and R is the radius of the ground slide.

We define the final velocity of ground slide before reaching the stopping wall as u, and the
mass of ground slide with the pellet as M. The kinetic energy of the ground slide is therefore

given as:

1
MU’ =E
2 (5.3)

The sliding friction of the ground slide travelling in the channel is neglected in this
formulation. Based on the law of conservation of energy, the velocity of the ground slide is

given as:

u (5.4)

szlw [(V, +7R°L) = (V)] _
M(L-y)

5.3.1.2 Separation stage

In the separation stage, the compressed air is released from the vent hole (see Figure 4.1) and
the ground slide blocks the gas from flowing into the deceleration stage. Further, the pellet is
broken up and separated into individual micro-particles by a mesh which then move across
the mesh into the deceleration stage. In this process, the initial velocity of the pellet is equal to
u which is the velocity of the ground slide. The pellet may lose some energy due to its impact
on the mesh which separates it into individual micro-particles. Assuming that the energy loss
is x in this process, the process is described based on the law of conservation of energy and

given as:
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Where n is the number of micro-particles in the pellet; m is the mass of a single

micro-particle; u; is the velocity of micro-particle after passing through the stopping screen

and mj, is the mass of the pellet which can described as M, =NM

The rearranged equation (5.5) gives:

V1-XxUu=u, (5.6)

5.3.1.3 Deceletration stage

The deceleration stage can be separated into two parts. In the first part, the particle travels
between the mesh and the target. There is a gap between the mesh and target which allows
spraying of the micro-particles on a large-area of the target tissue. Thus, the air drag force
acting on the separated micro-particles should be considered in this process. The second step
involves modelling the process of the particle penetration in the skin, which requires
consideration of the resistance force from the skin on the micro-particle delivery. The
micro-particles need to breach the SC and pierce the subsequent layers, €.g., the epidermis
layer. The detailed mathematical principles of these two steps are explained in sections (a)
and (b).

The trajectories of the micro-particles in the deceleration stage are simulated in two
dimensions (2D). The initial positions and moving directions of high-speed micro-particles
are randomly chosen from the beginning in the first step of the deceleration stage. The motion
is considered to be linear but varying in velocity of the particles due to the effects of drag
force on the particles. The particles are allowed to impact on the boundary of the gap between
the mesh and skin. We define that these impacts are elastic collisions and the particles
rebound on the boundary in the model. The detailed physical-mathematical principle of the

micro-particle trajectories are discussed in section (c).

(a) Micro-particles travel in the gap between mesh and skin
The separated particles decelerate in air before hitting the target. This process is described by

the following energy balance equation:
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Emui2 =E,+Eg +E, (5.7)
Where E, is the final kinetic energy of the separated micro-particle. Es is the surface free
energy of the pellet and Eq4 is the energy lost due to the frictional drag force from the

micro-particle in the air.

The frictional drag force on a micro-particle in the air is given as:
1
EpUZCdAp = Fd (58)

Where Fq is the force of drag, p is the density of air, A, is the projected cross-sectional area
of the separated micro-particle, C4 is the air drag coefficient and u, is the velocity of the

separated particle in the space between mesh and target.

The energy loss due to the drag force is given as:
L
[ FRdl=E, (5.9)
After differentiating the energy loss E4 with the distance | we obtain:

dE,

Where | is the gap between the mesh and target.

The final kinetic energy of the separated particles before they hit the target is given as:

;mui =E, (5.11)

Based on equations (5.8) and (5.10), the relationship between the particle velocity and travel

distance is given as

du

—muz—Z:%puﬁchp =F, (5.12)

The drag coefficient Cq4 in equation (5.12) is an important parameter in the modelling of gas
and particle interactions. This coefficient is a function of the particle Reynolds number (Re)
(see Appendix A), which depends on the gas viscosity (i) and density (p), particle diameter
(d), and relative velocity (us). For the purpose of this case, the Reynolds number is defined as:
pu,d

n)

=Re (5.13)
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(b) Micro-particles penetration in the target tissue

The particle deceleration in the target skin has the same principle with the particle travel in
the air. In the deceleration stage, the separated micro-particles are resisted by the tissue and
their velocities are slowed down. Based on the law of conservation of energy, the drag force
can be expressed as:

du,

f, =-m
‘ dt

(5.14)

Where f; is the drag force for the micro-particles, ugq is the velocity of separated micro-particle

in the tissue.

For the penetration in the target, various studies have adopted that the resistant force on the
micro-particle is separated into three components, namely, yield force (F,), frictional resistive
force (Fr) and resistive inertial force of target material (F;) (Soliman et al., 2011; Liu, 2007;
Mitchell et al., 2003; Kendall et al., 2001; Dehn, 1987). In consistent with these previous

studies, we adopt the following the force balance equation:

e (F +F +F) (515)

The equation for each component of the resistant force is as shown below:

Fi = 6n“trpud (516)
1

F =§ptApU§ (5.17)

F, =3A,0, (5.18)

Where p; is the friction coefficient between particle and target, r, is the radius of the

micro-particle, p; is the density of the target and oy is the yield stress of the target.

(c) The mathematical-physical principle and determination of micro-particle trajectory in
deceleration stage

To determine the trajectory of the micro-particles, the mathematical statement is formulated

in two dimensions. Depending on the velocity, size of particle, etc., other important features

of this is the possibility of different angles and positions of particle entrance which have

direct implication on the velocity of the micro-particles. The air in the deceleration stage
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might move forward when the high pressure gas pushes the ground slide forward. Although
the ground slide can stop the gas from entering the deceleration stage, the air flow still
happens in the front of the ground slide and causes pressure drop in the deceleration stage.

Hence, the axial gas pressure drop is greater than that in the radial direction, i.e.

dp, dpP,
>>
dz dr
dp, dP, . i . .
As 5 >> et the axial (z) velocity component is greater than the radial (r) component.
z r

Further, the initial velocity of micro-particle in the deceleration stage is us.

Therefore
ui=u’+u’ (5.19)

We define that the radial velocity component as k percentage of the axial component.
Therefore

u, =ku (5.20)

r z

In our case, k is defined to be 0.2.

(d) The micro-particle travel between mesh and target
In the first part of the deceleration stage, the air drag force is presented in equation (5.8).

According to Newton’s second law:

F, = ma = m 2z (5.21)
Substitution of equation (5.8) into equation (5.21) provides:
m%:%puﬁchp (5.22)
For axial component, we have
d;tr :%CdpuduXAp (5.23)
For radial component
md;tz :%CdpuduyAp (5.24)

At the same time, the radial displacement component is:
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dl

—=u 5.25

a v (5.25)
The axial displacement component is:

dl

a (5.26)

The program uses an if statement to define the axial displacement component of the
micro-particle is smaller than the space between the mesh and target or the radial
displacement component is smaller than Iy, the particle will impact on the walls before

entering the skin.

(e) Micro-particle penetration in skin

Once the micro-particles reach the surface of the target tissue, an increased resistance from
the target prevents those micro-particles to move forward. The initial velocities of the
micro-particles in axial and radial components equal the velocity at the end of the first step of
deceleration stage. The following velocity change of the micro-particles is calculated based
on the Newton second law and it is shown in equation (5.27) which is obtained from equation
(5.15):

du,

mF = %ptugAp +3A,0, +6mu,ru, (5.27)

For the axial component of equation (5.27), we have

du, 1 u
-=—pUuA +3A 6, —+6mu,ru, (5.28)
d 2 P "V u, er

On the other hand, the radial component of equation (5.27) is

du, 1 u
Z="C,p,u,u A +3A ¢, —%+6mu,r.u
dt 2 dpt d¥y" *p pUy Ud “t p-z (529)

In the program, we use an if statement to define the location of micro-particle. If the axial
displacement component of a micro-particle is larger than the space between the mesh and
target, and the radial displacement component is located at a space between two holes, the
particle will pierce into the target skin. If the axial displacement component of the
micro-particle is larger than the space between the mesh and target and the radial
displacement component is located at a hole area created by the MN, the particle is defined to

be delivered in a hole. Thus, a micro-particle is defined to travel forward in the hole, penetrate
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into the skin, and achieve a further penetration depth inside skin. The model behaviour is

explained in the section 5.3.3 in detail.

() Quantitative description of the events involving micro-particle rebound between mesh
and target

In the first step of deceleration stage, the micro-particles may impact on the boundary of the

gap between the mesh and target skin. We define that the particles impact on the boundary of

the gap between the mesh and skin is an elastic collision, see Figure 5.1.

Figure 5.1: The trajectory of particle impact on a planar wall

Table 5.1: The meaning of each variable in Figure 5.1

Variables Description

Vi The velocity on impact

Vii The radial velocity component on impact

Vi The axial velocity component on impact

V, The velocity on rebound

Vi The radial velocity component on rebound

Vy The axial velocity component on rebound

® The angle of boundary of the gap between mesh
and skin

I The impact point
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Vyi The tangential velocity component on impact
Vyi The normal velocity component on impact
Vyr The tangential velocity on rebound

Vye The normal velocity on rebound

The coordinates of radial and axial velocity components at a point on (x,y) axes are defined as

(Vx, Vy). From Figure 5.1, it can be seen that in order to change from (X,y) axes to (r,z) axes, a

rotation through (g+9j is required. The new coordinates of the tangential and normal

velocity components of that point are (V,, V) on (r, z) axes. Using the standard matrix rules

(Eberly, 2002) to perform the axes- rotation of the velocity vectors gives

Mo g =

- . (5.30)
v sin(g+6j cos(g+ej vV cos®  —sinf Vy]

z y
When inverted, equation (5.30) gives

V, _(—sin® cosH \'V, (5.31)
V, ) \~cos® —sing\V, '

Equation (5.31) therefore suggests that for the velocity on impact, the tangential and normal
velocity components on the impact plane are

V,,=-V,sinB+V, cos6

V,; ==V, c0s0-V,sin0 (.32)

For the velocity on rebound, the tangential and normal velocity components may be written in
terms of the following coefficients of restitution
er = ethi
V,, =-¢e,V,

(5.33)
Hence rotating back through(gﬂaj, using equation (5.30), to get the radial and axial

velocity components on rebound provide:

V, =-e,sinB(-V, sin6+V, cos0) +e, cosO(—V, cos6 -V, sin o)

: : _ 5.34
V, =e, cos8(-V, sinB+V, cosb)+e, sinB(-V, cosO -V, sinb) (.34)
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We define the collision between micro-particle and the boundary of the gap between mesh
and skin is elastic collision, and then the coefficient of restitution is equal to 1. It means that

there is no energy lost due to the rebound; only the direction of motion has been changed.

5.3.2 Selection of modelling parameters

The impact velocity, particle size and density, target properties are defined as the major
variables affecting the penetration depth. The layers of the skin are considered to mimic the
human skin in the model (see Figure 5.2a). The skin is divided into two distinct macroscopic
layers known as the dermis and the epidermis (Parker, 1991; Phipps, 1988). Stratum corneum
is considered as a part of the epidermis layer. Therefore, the skin is considered to have three
layers in the model, which are shown in Figure 5.2b which is a magnified profile of a section
of the model geometery shown in Figure 5.2a. The thicknesses of the different skin layers
differ which are listed in Table 5.2. The friction coefficient between particle and each skin
layer is treated as the same in the model. Previously (section 4.4.1), we have analysed the
friction coefficient between particle and porcine skin tissue using a rotational viscometer,
which will be used as a replacement for human skin in the model and shown in Table 5.2. For
example, the density of the stratum corneum and viable epidermis are defined as 1.5 and 1.15
glem®, respectively, in consistent with the results of Duck (1990). Wildnauer et al. (1971)
have shown that the yield stress of stratum corneum range from 3.2 to 22,5 MPa, which have
been obtained from the measurements of stress-strain characteristics of the human stratum

corneum samples.

Table 5.2: Skin properties used in the model

Parameter Value Reference

Thickness of VE, Ty, (M) 0.0001 Holbrook et al. (1974);

Thickness of SC, T(m) 0.00002 Matteucci et al. (2008);
Schaefer et al. (1997)

Yield stress of SC, Y (MPa) 3.2-225 Wildnauer et al. (1971)

Density of SC, ps. (g/cm?) 1.5 Duck (1990)

Density of VE, p.. (g/cm?) 1.15 Duck (1990)

Yield stress of VE, Y, (MPa) 2.2 Kishino et al. (1988)

Friction coefficient between particle and 19.6 This work (Chapter 4)

porcine skin tissue, p’ (Pas)
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In order to investigate the microneedle effect on the penetration depth, an in-house fabricated
MN, Adminpatch MN 1500 and 1200 are (nanoBioSciences limited liability company,
Sunnyvale, CA, USA) chosen for both model and experiments. The detailed characterizations
of each MN are explained in the previous work (see Table 4.1). Previously, Adminpatch
MN 1500 has been chosen to analyse the MNs assisted micro-particles delivery and show that
the lengths of pierced holes vary after the removal of the MNs. But, the length of the pierced
holes are considered uniform in the model and presented in Table 5.3. It is worth mentioning
that the lengths of the pierced holes are from a study of the insertion of MN in a skin
mimicking agarose gel (0.0265 g/ml of agarose), which was obtained in the section 4.4.1.2..
McAllister et al. (2003) have assumed that after the removal of the MNs the surface area of
the hole shrink to 60 percent of that the MNs which originally create the holes. In consistent
with McAllister et al. (2003), the hole width is considered to be 60% of the width/radius of
the MN (Table 5.3) at the time the micro-particles are delivered. The details can be shown in

Figure 5.2a, which presents the pierced holes as uniform cones.

Table 5.3: Relevant constants used in the developed model

Parameter Value
Mass of ground slide with the pellet, M (g) 1.25
Length of barrel, L(m) 0.5
Radius of barrel/ground slide, R(m) 0.00375
Volume of receiver, Vi (L) 1
Space between mesh and skin, L; (m) 0.05
Density of stainless steel (g/cm?) 8
Average Diameter of spherical stainless steel particle 18
(nm)
Average Diameter of Irregular stainless steel particle 30
(um)
Viscosity of air, p (Pas) 1.78
Length of pierced holes L,(um) Adminpatch 1500 1149
Adminpatch 1200 1048
In-house fabricated MN 656
Width of pierced holes L, (um) Adminpatch 1500 302
Adminpatch 1200 302
In-house fabricated MN 156
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The relevant simulation parameters of the the proposed gene gun system are obtained from an
experimental rig, which include the mass of the ground slide with pellet, volume of receiver,
barrel length and radius and space between mesh and target (skin). Spherical and irregular
stainless steel particles of 18 and 30 um average diameters are chosen to study the effects of
particle size on the penetration depth for both the model and experiment. The details of the

relevant parameters used in the model are listed in Table 5.3.

5.3.3 Model behaviour of microneedle assisted micro-particle delivery

The governing equations for modelling the MNs assisted micro-particles delivery is solved
using MATLAB (Version R2012b). MATLAB is a powerful programming software for
computing and data processing and visualisation. For our case, we use MATLAB’s in-built
programming language to simulate the particle delivery process in each stage. The detailed
code for the model of the MN assisted micro-particle delivery is shown in the Appendix B.
The presented model consists of a main program to explain the overall process of the
micro-particle delivery, several function programs to input the integration of the required
mathematical equations, event programs to define the event locators of the rebound and
impact points. All constant variables (e.g. skin properties, particle properties) are included as
declared global variables at the start of the program with comments in the main program for
the following simulation (see Tables 5.2 - 3). The acceleration stage is analysed in
one-dimensional using equation (5.4) in the main program to predict the velocity from the
beginning to the end of the barrel at various pressures. The separation stage is implemented
using equation (5.6) in the main programme to define the energy loss of micro-particles
during separation stage and then to calculate the velocity of micro-particle after the passage

through the mesh.

The presented model is focused on determining the trajectories of micro-particles in the
deceleration stage. Firstly, the initial velocity of separated micro-particles in the deceleration
stage (us) is defined to be equal to u, which is the final velocity of the separated
micro-particle after passing though the mesh. The velocity of the separated micro-particles is
then analysed in relation to time. After that a two dimensional figure corresponded to the
structure of the deceleration stage is prepared based on the size of experimental set up as
shown in Figure 5.2. The initial position and moving direction of high-speed micro-particles

are randomly chosen from the beginning in the first step of the deceleration stage to mimic
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the condition of micro-particles passage through the mesh. The motion is considered to be
linear but varying in velocity of the particles due to the effect of drag force. However, the
mathematical equations used to determine the particle velocity are implemented in a separate
function. An if statement is used to determine the selection of equations to calculate the
particle velocity at different positions. This program is implemented to the main program by
considering the condition of the function program (stiff/non-stiff) to choose a suitable ode
solver to determine the velocity changing of micro-particles and plot the trajectories in the
pre-plotted figure (Figure 5.2). The penetration depth of micro-particles in the skin is obtained
from the figure. In addition, equations (5.12, 5.15) are solved using a separately function
program and implemented into the main program to predict the penetration depth of
micro-particle with/without using MNs in one-dimensional simulation. A for statement is
used to repeat the same procedure to simulate a number of micro-particle trajectories in the
program. However, the number of micro-particles is defined as a constant and inputted at the

start of the main program.
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Figure 5.2: Structure of the deceleration stage (Adminpatch 1500) (a). The overall view of the

deceleration stage (b). The zooming view to show the skin layers

Event program is used to define the impact points on the skin and the boundary of the gap
between mesh and skin, and further to point out the end position of micro-particles inside the
skin. Setting the events cause the solver to stop the integration when the micro-particle impact
on the skin and the boundary of the gap between mesh and skin, and then restarts the
integration corresponding to the continuous moving of a micro-particle. In addition, an event
causes the solver to stop the integration when the velocity of micro-particles is less than 10™°
m/s. This event program is implemented in the main program to predict the events of
micro-particles (e.g. impact on the boundary, penetrate into the skin) and show on the particle

trajectories.

5.4 Results and Discussions

5.4.1 Acceletration stage

The micro-particle velocity is a key variable in the microneedle assisted micro-particle
delivery process which is discussed in this section. As mentioned earlier, the developed
mathematical model is built to simulate the acceleration stage of this process where a number
of variables are considered such as the mass of the ground slide (including the pellet), volume
of the gas receiver and, barrel length and diameter. The above relevant constants are listed in
Table 5.3.
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The operating pressure is another key variable of importance in the model which affects the
velocity of the ground slide. The principle of modelling the acceleration stage is explained in
section 5.3.1.1. The model results show that the operating pressure has a significant effect on
the ground slide velocity (Figure 5.3). As can be seen, an increase in the operating pressure
causes an increased ground slide velocity. The velocities of ground slide reach 85.5, 102.2,

125.1, 138.3 and 144.5 m/s at 2.1, 3, 4.5, 5.5 and 6 bar pressures, respectively.
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Figure 5.3: Effect of the operating pressure on the ground slide velocity (modelling results)

A pair of photoelectric sensors has been used to test the velocity of the ground slide in a set of
experiments. A comparison is made between the results from the developed model and
experiments (obtained from section 3.4.1.1)which are shown in Figure 5.4. As can be seen,
both sets of results compare well at each pressure. The velocity increases from an increase of
operating pressure due to an increased kinetic energy of the ground slide. This set of results
provides the confidence that the developed model is suitable for modelling the acceleration

stage of the microneedle assisted micro-particle delivery.

It is seen that the predicted velocity is comparable with the velocity of the ground slide based
gene gun system, e.g. light gas gun (Crozier, 1957; Mitchell at al., 2003) which can accelerate
the micro-particles to a velocities of 170, 250, 330 m/s at 20, 40 and 60 bar pressure. In this
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work the ground slide is operated at 6 bar which shows that the velocity is slightly different
with the LGG operated at 20 bar pressure. However, the velocity is much slower if it is
compared with that of other gene gun systems, e,g. contoured shock tube (Truong et al., 2006;
Mitchell et al., 2003), converging-diverging nozzle (Kendall et al., 2004a) and conical nozzle
(Quinlan et al., 2001). The micro-particles normally can achieve a supersonic speed based on
a needle free powder injection system, such as golden particle injector which may reach a
velocity over than 600m/s at 60 bar pressure using contoured shock tube (Liu et al., 2006;
Mitchell et al., 2003). This is because the effects of the ground slide which slows down the

particle velocity.
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Figure 5.4: Comparison of modelling (this work) and experimental results (obtained from
section 3.4.1.1) of the ground slide velocity against the operating pressure. The experimental

results in the figure are generated from three repeats of experiments.

An insufficient velocity may mean that the micro-particle cannot reach the desired depth
inside the target due to the insufficient momentum. It can make up for an increase of
operating pressure as 6 bar is a low pressure to operate most gene gun system. However, the
operating pressure is limited in the experimental set up in our case. As such, the velocity of
the ground slide is simulated to reach a velocity of 457 m/s at 6 MPa using the model, which
is much higher than the result obtained from LGG. In section 3.4.1.1, the experimental results
have shown that the velocity increases with a decrease in barrel diameter and ground slide
mass. Therefore, the velocity can improve by changing those two objects in the experimental
set up if higher velocity is necessary. Furthermore, we suggest that the penetration depth is
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maximized by using MNs in this case. MN also makes up for the insufficient velocity of the
micro-particle since the pierced holes created by MN provides a positive effect on the

penetration depth. This is explained more in section 5.4.2.

5.4.2 Deceleration stage

5.4.2.1 The trajectory of the micro-particles

In the section 3.4.2.4, we have shown that a pellet can be separated into individual particles
with a few agglomerates using a mesh which then can penetrate into the target. In this case,
the presented mathematical model is used to simulate the trajectories of stainless steel
micro-particles of 30 um average diameter in the deceleration stage. As presented in Figure
5.53, the velocity of the micro-particle is represented by the coloured trajectory. It is found
that the velocity variation is negligible before they reach the target as the effect of air drag
force on the micro-particles is low. It is also found that the velocity reaches approximately
131 m/s at 5 bar operating pressure according to the results in the figure. In addition, the
micro-particle rebound on the boundary of the gap between mesh and skin is clearly shown in
Figure 5.5a. However, the penetrations of micro-particles in the target are not visible in this

figure.

In theory, the particle velocity must decease very fast after penetrating into the skin due to an
increased resistance to its motion. The variation of the velocity is shown in more detail in
Figure 5.5b, which is obtained from zooming in a part of Figure 5.5a. As can be seen, the
micro-particles only penetrate slightly in the skin layer of stratum corneum. The detailed
penetration depth refers to the result of dashed line in Figure 5.6 (see the zoomed view of the
axis), which shows that the stainless steel micro-particles of 30 um diameter only penetrate

around 1.9 um inside the stratum corneum.

Figure 5.5a also shows that a number of the micro-particles achieve a further penetration
depth via the pierced holes. Some of them reaches the hole tip area as shown in Figure 5.5c.
The velocity is changed only slightly in the pieced holes and decrease fast after penetrating
the dermis layer of the skin. The penetration depth of the micro-particle via the pierced holes
is shown in Figure 5.6 (see the zoom in view of the axis). As can be seen, the penetration
depth of the micro-particles reaches 1151.1 um when Adminpatch MN 1500 is used.

However, some particles cannot reach the hole tip and penetrate through the skin surface of
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the pierced holes to achieve a further depth inside the epidermis/dermis layer of the skin as

shown in Figure 5.5d.

Finally, an arbitrarily selected number of micro-particles, namely one hundred micro-particles,
have been simulated to determine the particle’s final location in each layer of skin. As
presented in Figure 5.7, it shows that about 75% of micro-particles is stopped inside the
stratum corneum, 2% is located within the epidermis layer, and 23% penetrates further into
the dermis layer. In addition, the micro-particles stopped inside the epidermis or dermis layer
are considered to penetrate through the pierced holes which illustrate the use of the
Adminpatch MN 1500 allowing approximately 25% of the micro-particles penetration in the
skin via the pierced holes. The detailed effects of the MN length, particle size and operating

pressure on the penetration depth are explained in the following sections.
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-3 Micro-particle trajectories
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Figure 5.5: The trajectories of the micro-particles in the deceleration stage for the MN
assisted micro-particle delivery: (a). The overall view of the micro-particle trajectories (b).The
particle penetration at the area without needle hole (c). The particle penetration at the hole tip
area inside skin (d). particle penetrates into the side surface of the needle hole inside skin
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5.4.2.2 Comparsion with experimental resutls

In section 4.4.1, agarose gel has been used to mimic the skin on the basis of rheological
properties using a rotational viscometer. The work shows that the rheology of 0.0265 g/ml
concentration of agarose gel matches well with that the porcine skin, and this skin mimicking
agarose gel is used as a target instead of human skin to analyse the penetration depth in
relation to the operating pressure, particle size and needle length. The operating pressure is
varied from 3 to 5 bar to accelerate biomedical grade stainless steel micro-particles of 18 and
30 um average diameters to analyse the effect of the particle size and operating pressures on
the penetration depths of the particle. Three different lengths of microneedle arrays, which are
in-house fabricated MN (750 um) and Adminpatch MN 1500 (1500 pum) and 1200 (750 pm)
are chosen to investigate the effect of MN length on the penetration depth. Results show that
the penetration depth of micro-particles increases from an increase of particle size, operating

pressure and MN length.
In the following sections of this chapter, the experimental results obtained from the previous

work are compared with model results to verify the applicability of the model and further

understand the MNs assisted micro-particles delivery.

118



(a2) The effect of the operating pressure and particle size on the penetration depth

In general, operating pressure is one of the major variables which affect the momentum of the
micro-particles and is expected to affect the penetration depths of the micro-particles inside a
target. To confirm the significance of this effect, delivery of stainless steel micro-particles of
18 and 30 pum average diameters are simulated at operating pressure varies from 3 to 60 bar.
The results of these simulations are presented in Figure 5.8. In the figure, the solid lines
represent the micro-particle delivery without the MN pierced holes and they correspond to the
primary y axis (yl). The penetration depth of the micro-particle via the pierced hole is
considered through the secondary y axis (y2). As can be seen, the results show that an
increase of the operating pressure causes a slight increase in the penetration depth. It shows
that stainless steel micro-particle of 18 um diameter can penetrate only from 0.58 to 2.59 pm
in the skin (inside the stratum corneum) in the pressure ranging from 3 to 60 bar. However, a
number of micro-particles delivered through the pierced holes penetrate into the dermis layer.
The penetration depth inside the dermis layer is slightly more than the stratum corneum due to
a decreased yield stress. As expected, the pierced hole has a greater effect on the penetration
depth. The penetration depth rises from 1149.58 to 1151.66 um when Adminpatch MN 1500
is used for the pressure ranging from 3 to 60 bar. In addition, Figure 5.8 shows the penetration
depth of 18 um diameter of stainless steel micro-particle is less than 30 um diameter. The

effect of the micro-particle size on the penetration depth is discussed in the following section.

The penetration depth of the micro-particles is also related to the size of the micro-particle
which is one of the major variables that affects the particle momentum. As presented in
Figure 5.9, the diameter of the micro-particle shows a positive correlation with the penetration
depth. In this figure, the results plotted in solid line are for the penetration of the
micro-particles without pierced holes and are referred by the primary y axis. The secondary y
axis explains the result plotted in the dashed line and show the maximum penetration depth of
the micro-particle which goes through the pierced hole. The penetration depth is found to be
from 0.71 to 37.12 pum in the top two layers of the skin (stratum corneum and viable
epidermis layers) at operating pressure of 5 bar while the particle diameter ranges from 18 to
140 um. It indicates that the small micro-particle cannot penetrate further in the skin so much
as they are rebounded by the skin due to the insufficient momentum. However, this condition
may be fixed by the use of a MN array. As shown in Figure 5.9, the penetration depth
increases from 1149.75 to 1189.73 um, which is enhanced by delivering a number of

micro-particles through the pierced holes created by the Adminpatch MN 1500. The
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penetration depth in dermis layer varies from 0.75 to 40.73 pum which is more than the

penetration in top layer.
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A comparison between model and experimental results is shown in Figure 5.10.
Micro-particle penetration without (solid lines) and with (dashed lines) pierced holes refer to
the primary and secondary axes, respectively. As can be seen, the operating pressure and
particle size have a greater effect on the penetration depth for the experimental results. The
penetration depth rises fast while the operating pressure is increased. It also shows a
significant different between stainless steel micro-particles of 18 and 30 um diameter, which
demonstrates that an increased particle size has a positive correlation on the penetration depth.
However, those two variables only have slight effect on the penetration depth according to the
model result. This is because the pellet is considered to be separated into individual particles
perfectly in the mathematical model which does not happen in practice. In the previous work
(Chapter 3), different pore sizes of meshes are used to break up the pellet separation and

control the size distribution of the separated particles, which show that the pellet has been
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broken into individual particles effectively with only a few small agglomerated particles.
These agglomerated particles may cause an increased penetration depth and further improve

the effect of the operating pressure on the penetration.

Figure 5.10 also shows that the micro-particles penetration through the pierced holes varies
between model and experimental results. For the model result, the length of the pierced holes
is considered to be a constant. Thus, the penetration difference between stainless steel
micro-particles of 18 and 30 um diameters is only slight since the momentum of those two
particles are insufficient to penetrate further in the skin. These differ with experimental results
which show that the penetration depth varies at the operating pressure ranges from 3 to 5 bar.
This is because the length of the pierced holes is varied after the removal of the MNs in the
experiment. It directly affects the micro-particle penetration depth, such as small particles
may penetrate further than larger particles. As present in Figure 5.10, the penetration depth of
stainless steel micro-particles of 18 pm diameter is more than 30 pm diameter at 3 and 3.5 bar
pressure. However, the experimental results show that the stainless steel micro-particles of 30
and 18 um diameters reach the penetration depth from 1119.7 to 1314.4 um and from 1188.3
to 1255.1 um while the pressure varies from 3 to 5 bar, respectively. The operating pressure
only presents a slight effect at this condition. As expected, the length of the pierced holes
becomes the primary factor which maximizes the penetration depth. It directly relates to the
length of MN. The effect of the microneedle length on the penetration depth is discussed in

the following section.

(b) The effect of microneedle length

In principle, the length of the pierced hole depends on the length of the microneedle. An
increased length of MNs causes an increase in the pierced holes and thereby increases the
penetration depth of micro-particles. As presented in Figure 5.11, the penetration depths of
the micro-particle differ significantly between each application of MNs. Both model and
experimental results present that the penetration depth increases from an increase of MN
length. For the model result, the operating pressure does not show a great effect on the
penetration depth. For the experimental result, the penetration depth is varied at the operating
pressure ranges from 3 to 5 bar. This is because of the effect of the agglomerates and the
unmaintainable length of pierced holes, which are presented in previous section. The
operating pressure presents a positive effect on the penetration depth, which agrees with the

model result.
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In conclusion, the experimental results match well with the model results in Figure 5.11. It
confirms that this mathematical model is suitable for modelling MNs assisted micro-particles
delivery. It also indicates that the micro-particles can be deposited at a desired depth in a
target based on a use of specific lengths of MNs. In addition, the penetration depth gradually
increases with the increase in operating pressure. It can be considered that based on the
assistance of the holes on the micro-particle delivery, the penetration depth can be fine tuned

by the operating pressure.

(c) Further discussion

In the above sections, the penetration depths of micro-particles are analysed with respect to
variations in operating pressure, particle size, MN size using modelling and experimental
results. It is evident that the particle penetration depth increases from an increase of the
operating pressure and particle size as the particle momentum is related to those two key
variables. In the experiment, the agglomerates present a greater effect on the particle
penetration depth. It shows that the model result cannot match well with the experimental

result. However, the agglomerates can be prevented by using a smaller pore size of mesh to
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allow individual micro-particles to pass through and obtain a uniform penetration depth which

is comparable with the model results.

As expected, an application of MN array provides a positive effect on the micro-particle
penetration. The maximum penetration depth of the micro-particles is presented a significant
increment from the result without MN application. For the MN assisted micro-particle
delivery, the penetration depth reaches the dermis layer inside skin, which was never achieved
in the previous gene gun systems (e.g., injection jet, light gas gun, contoured shock tube, etc).
Mitchell et al. (2003) have used a light gas to accelerate the stainless steel micro-particles of
25 um diameter to a velocity of 170 m/s (20 bar) and penetrate 150 um into excised canine
buccal mucosa. Kendal (2001) has suggested that the 1 £+ 0.2 um diameter gold particles can
reach a velocity of 580 + 50 m/s at 40 bar pressure using a contoured shock tube and
penetrate 66 um in the skin. The epidermis has been generally normally considered as the
target tissue for gene loaded particle delivery as the devices may be limited by the penetration
depth they achieve (Trainer et al., 1997). But now the target tissue may be the dermis layer as
the use of MNs promise to increase the penetration depth further. In other words, the MN may
be useful for the injection of micro-particle especially the targets which require a deep

injection of the particles.

5.5 Chapter Summary

A mathematical model is built for solid MNs assisted micro-particles delivery. MNs assisted
micro-particles delivery is studied in this chapter. For the acceleration stage, the particle
velocity is analysed in relation to the operating pressure and these result compare well with
the experimental result obtained from the previous work (section 3.4.1.1). For the
deceleration stage, an individual micro-particle trajectory has been simulated in the model.
Additionally, the distribution of the micro-particles in three different layers has been
determined using modelling results. These results show that about 75% of particles penetrate
into the stratum corneum without going through the holes, and 23 and 2% of particles
penetrate into epidermis and dermis layers via the pierced holes, respectively. The presented
model for MN assisted micro-particle delivery takes into consideration possible change in
operating pressure, particle size, MN length due to the micro-particle delivery is directly
related to those key variables. Model results obtained indicate that increasing the operating
pressure and particle size would increase the penetration depth of the micro-particles inside

skin due to the increased momentum. In addition, the hole length is shown to be a major
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variable which maximizes the particle penetration depth. The model results match well with
the experimental results for the penetration depth of micro-particles. In conclusion, the
presented model is shown to be useful for simulating micro-particle trajectories and

penetration depth for MN assisted micro-particle delivery.
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6. Microneedle assisted micro-particle delivery: Experiment and

modelling on the effects of particle characteristics

6.1 Chapter Overview

The assistance of microneedles (MN) has been proven to overcome the resistance of target
materials and further enhance the penetration depths of micro-particles, which are moving at
high speeds such as those in gene gun. This chapter aims to investigate the penetration of
model materials, namely, tungsten (< 1 um diameter) and stainless steel (18 and 30 um
diameters) micro-particles into a skin mimicking agarose gel to determine the effect of
particle characteristics. A number of experiments have been processed to analyse the passage
percentage and the penetration depth of these micro-particles in relation to the operating
pressures and MN lengths. A comparison between stainless steel (18 and 30 um diameters)
and tungsten micro-particles has been discussed, e.g. passage percentage, penetration depth.
The passage percentage of tungsten micro-particles is found to be less than the stainless steel.
It is worth mentioning that the tungsten micro-particles present unfavourable results which
show that they cannot penetrate into the skin mimicking agarose gel without the help of MN
due to insufficient momentum due to the smaller particle size. This condition does not occur
for stainless steel micro-particles. In order to further understand the penetration of tungsten
micro-particles, a mathematical model has been built based on the experimental set up. The
penetration depth of the micro-particles is analysed in relation to the size, operating pressure
and MN length for conditions which cannot be obtained in the experiment.In addition, the
penetration depth difference between stainless steel and tungsten micro-particles is studied
using the developed model to further understand the effect of an increased particle density

and size on the penetration depth.

6.2 Introduction

Gene gun systems have been designed primarily as needle free techniques which can
accelerate DNA loaded micro-particles to provide them with sufficient momentums so as to
breach the outer layer of the skin and achieve the purposes of gene transfection (Kis et al.,
2012; Soliman, 2011; Walters and Roberts, 2007; Kendall et al., 2004). Generally, the
epidermis layer of the skin is considered as the main target of the micro-particles (Soliman et
al., 2011; Liu, 2006; Quinlan et al., 2001; Bennett et al., 1999; Trainer et al., 1997).
However, cell and tissue damages are particular problems for the use of gene guns (O’Brien

and Lummis, 2011; Uchida et al., 2009; Thomas et al., 2001; Sato et al., 2000; Yoshida et al.,
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1997). In principle, reduction of the operation pressure (Xia et al., 2011; Uchida et al., 2009;
Yoshida et al., 1997) and particle size (O’Brien and Lummis, 2011) can minimize the cell
damage but these tend to decrease the particle momentum and, hence, the penetration depth of
the micro-particles in the tissue. In addressing these issues, a series of experiments which
combines solid microneedles (MNs) with an in-house micro-particle delivery system has been

discussed earlier in the chapter 4 and 5.

MNs are minimally invasive microstructures that pierce the outer layer of skin, namely the
stratum corneum, almost painlessly which has been shown to enhance drug delivery rate (e.qg.,
Olatunji and Das, 2011; Nayak et al., 2013; Olatunji et al., 2013; Donnelly et al., 2012). They
are generally classified into ‘solid’ and ‘hollow’ microneedles (e.g., Al-Qallaf et al., 2009;
Olatunji and Das, 2010; Olatunji et al., 2012; Nayak and Das, 2013; Han and Das, 2013;
Zhang et al., 2013a,b,c). The solid MNs are able to penetrate the human skin to make holes
(Kalluri et al., 2011; Davis et al., 2004; McAllister et al., 2003) as well as deliver drugs/genes
which are coated (Cormier et al., 2004) or encapsulated (Miyano et al., 2005).The MN holes
can also be used by the biolistic system for the delivery of the micro-particles. As envisaged,
micro-particles can penetrate with less resistance into the skin through the holes and further
achieve an enhanced penetration depth to allow gene transfection in deeper tissue. In our
previous work (see Chapter 4), the experimental setup of MN assisted micro-particle delivery
system has been used to fire stainless steel micro-particles having average diameters of 18 um
into a skin mimicking agarose gel. The results have shown that a number of micro-particles
are penetrated through the holes and achieve a considerable increase in the maximum
penetration depth of 1272 + 42 pm inside the gel using 1500 um length of MNs (AdminPatch

MN 1500) as compared to the cases where no microneedles are applied.

As discussed earlier, the overall process of MN assisted transdermal micro-particle delivery
from gene guns consists of three stages, which are the acceleration, separation and
deceleration stages. These stages are identified in Figure 4.1a. The system stores the
pressurized gas in a gas receiver to a desired pressure which is detected by a digital pressure
transducer. The release of the pressurized gas is operated by a solenoid valve. In addition, it is
worth mentioning that the system uses a ground slide which can prevent the impact of
pressurized gas on the target tissue and release the gas from the ventholes. The acceleration
stage is a major part of the particle delivery process as it is within this stage the

micro-particles are accelerated to sufficient velocities using a pressurized gas as a driving
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source. To achieve these, the micro-particles are compressed and bound loosely into a pellet
form and loaded into a ground slide in the system. As the ground slide is accelerated by the
pressurised gas, the pellet containing the micro-particles is also accelerated. The separation
stage is then followed which is aimed at separating the pellet into individual particles by a

mesh although it is possible that this stage produces a few agglomerates.

The deceleration stage involves two steps as follows: (i) the transport of the micro-particles in
a space between mesh and target and (ii) the penetration of micro-particles into the chosen
target. Previously, an experimental rig (Figure 4.1a) has used to deliver stainless steel
micro-particles into a skin mimicking agarose gel so as to demonstrate the feasibility of MN
assisted micro-particle delivery. The results have shown that an enhanced penetration depth of
micro-particles inside the agarose gel can be achieved using MN assisted micro-particle

delivery at a much lower injection pressure compared to typical gene guns.

Generally, the route of the micro-particle penetration in the target tissue is divided into two
types which are the extracellular and intercellular routes (Soliman and Abdallah, 2011;
Mitchell et al., 2003). The extracellular route may occur with large particles due to failures
between the cell boundaries (Soliman, 2011). For example, Mitchell et al. (2003) have fired
stainless steel micro-particles of 25 pum average diameter into canine buccal mucosa using
light gas gun (Crozier et al., 1957), which is governed by the micro-particle transport through
extracellular route. However, the disadvantage of this is that large particle sizes may cause a

lot of damage or destroy the skin surface.

The intercellular route is considered to be important in the case of delivering small particles,
which pass through individual cell membranes and can be used for particle mediated DNA
immunization (Soliman and Abdallah, 2011; Hardy et al., 2005). Dense materials (e.g. gold
and tungsten) are often made into small particles of a diameter ranging from 0.6 to 6 pm
(Soliman, 2011; Hardy et al., 2005) which are smaller than the cell diameter. The particles
can be accelerated to higher speeds to obtain enough momentum to breach the skin and
penetrate through the individual cell membranes. Although gold is recommended for the
particle delivery due to its high density, low toxicity and lack of chemical reactivity (Macklin,
2000), it is an expensive method. Several studies for the golden micro-particle delivery have
been made, which show that the gold micro-particles can breach the human skin and penetrate

to a depth ranging from 35 - 135 um at 30 bar operating pressure (Arora et al., 2008; Giudice
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et al., 2006). Kendal et al. (2004) have used a convergent-divergent device to accelerate gold
particles of 1.8 um diameter which achieves a maximum penetration depth of 78.6 um at 60
bar pressure. Mitchell et al. (2003) have found that gold particle of 1 - 3 pm diameter can
reach a depth of around 60 um in canine tissue at an injection particle velocity of 550 + 50
m/s. Recently, O’Brien and Lummis (2011) have reported that the penetration depth of golden
micro-particles of 1 um diameter in mouse ear tissue is 50+11 pm when the Helios gene gun

is used at an operating pressure of 5.1 bar (75 psi).

In general, the intercellular route is the preferred penetration route due to less cell and tissue
damages for the small micro-particles. In order to validate the effect of the MN assisted
micro-particle delivery on the small micro-particles, tungsten micro-particles may be chosen
to analyse the penetration in the skin mimicking agarose gel. Tungsten micro-particles are
considered to be a good substitute for golden micro-particles for research of biolistic
micro-particle delivery because of their cost effectiveness compared to gold particles, despite
the fact they can be toxic to cells (Bastian et al., 2009; Yoshimisu et al., 2009; Russell et al.,
1992). For example, Klein et al. (1987) first used a particle gun to accelerate spherical
tungsten particles of 4 um diameter into epidermal cells of onions. Williams et al. (1991)
have used a helium-driven apparatus to study 3.9 pm average diameter tungsten and of golden

particles, with a diameter ranged from 2 to 5 pm, on mouse liver.

Motivated by the above work, this chapter aims to investigate the effects of particle
characteristics on MN assisted micro-particle delivery by using micro-particles (e.g. tungsten
micro-particles, biomedical grade stainless steel) of different densities and particle sizes. The
study gives an indirect comparison between the extracellular and intercellular routes using
MN assisted micro-particle delivery. In Chapter 3, we have determined the passage
percentage of stainless steel micro-particles at various conditions, e.g., mesh pore size,
Polyvinylpyrrolidone (PVP - binder) concentration and operating pressure. The required mesh
pore size and PVP concentration of pellets for MN assisted micro-particle delivery for given
particle size is pointed out. This chapter aims to revisit the same questions to determine the
dependence of particle characteristics using tungsten and stainless steel micro-particles with
the help of the experimental rig (Figure 4.1). A skin mimicking agarose gel is used as a target
to determine the difference in penetration depth between tungsten and stainless steel
micro-particles. In order to further understand the particle size and density effect on the

penetration depth, a mathematical model of MN assisted micro-particle delivery is built based
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on the experimental rig using MATLAB (Version R2012b). The model is used to analyse the
theoretical penetration depth of those two materials of micro-particles and further to verify the
experimental result. In addition, the model also aims to investigate the effect of the target
properties (e.g. density, friction coefficient) on the maximum penetration depth of
micro-particles. In particular, the developed model is used to determine the characteristics of

the micro-particle delivery where experimental data are not readily available.

6.3 Material and experimental methods

6.3.1 Characterization of tungsten micro-particles

Mag = 30.00 K X EHT = 5.00 kV Signal A= SE2

WD= 15mm Photo No. = 9523

Figure 6.1: A SEM image of irregular tungsten powder (Sauter mean diameter: 0.49 um)

Irregular shaped tungsten micro-particles were purchased form Sigma-Aldrich Company Ltd
(Gillingham, UK). It is considered as a good replacement for gold particles because its
density is similar to gold and has a low cost (Menezes et al., 2012). The particle size
distribution of tungsten powder is analysed by a particle size analyser (Mastersizer 2000,
Malvern Instruments, Ltd, Malvern, Worcestershire, UK). It is found to range from 0.198 to
1.439 um with a mean diameter of 0.58 pum and Sauter mean diameter of 0.49 um. The
particles can be viewed in the SEM image in Figure 6.1. The tungsten particles are highly
agglomerated and have rough surfaces. From the SEM image, 50 random micro-particles are
chosen to measure the average sphericity of the tungsten micro-particles which is found to be
0.66 + 0.13 um. The average bulk density and porosity of tungsten powder are 7.43 + 0.08

glem® and 59.6 + 0.4%. Ultimately, by combining the SEM image results with the size
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distribution, gained from particle size analyser it is possible to confirm that the tungsten

particles are a nano-size powder.

6.3.2 A further invertigation of the characterization of the pellet

For the MN assisted micro-particle delivery, the micro-particles are required to be in the form
a compressed cylindrical pellet which is prepared by a pellet press as described in section
3.3.3.3. Furthermore, the packing density should be homogeneous within the pellet as far as
possible so as to increase the possibility that when the pellet is broken into particles, one
obtains uniformly separated particles. Heterogeneity in the packing of the pellet is likely to
create more uncertainty in the distribution of the separated particles. To prepare the
cylindrical pellet, we have mixed 40 mg of PVP in 1 ml of ethanol in which an amount of
0.035 g stainless steel micro-particles has been added and bind the particles together. The
mixture is transferred to a pellet press and compressed into a solid cylindrical pellet.
Ethanol is evaporated due to their high volatility and therefore, it is not present in the dry
pellet which is used in experiments. A similar method was followed to produce the pellets in
this work. Further, the homogeneity of the micro-particle packing was checked using a micro
computed tomography (micro-CT) (Ritman, 2004). Micro-CT is an advanced non-destructive
3D imaging technique which can be used to clearly understand the internal microstructure of
the samples (Ritman, 2004). Micro-CT is used to detect the internal damages or heterogeneity
in the structure of pellet in this case. As an example, a three dimensional view of the stainless
steel pellet is shown in Figure 6.2a. As can be seen, the stainless steel micro-particles are
compressed into a homogenous cylindrical pellet with approximately 2 mm in diameter and
length. Although the top and button surfaces of the pellet are slightly rough because the pellet
gets stuck on the pellet press, it is not a big concern. The internal top view of the pellet at the
position of 1.08 mm on the z axis is shown in Figure 6.2b and the size view of the internal
structure of the pellet at the position of 1.08 mm on the y-axis is shown in Figure 6.2c. It
shows that PVP (white spots) is non-uniformly distributed in the pellet. PVP is fills the void
space between micro-particles causing them to bind strongly together as indicated by the
white circles (PVP) in the Figures 6.2b-c. The above figures cannot clearly show the PVP
combination of the pellet. A view can be obtained by referring to the SEM image of the top

surface of the pellet (see Figure 6.3).

Figure 6.3 clearly shows the characterization of the pellet top surface. As can be seen, the

micro-particles are bound to form a uniform pellet surface. As expected, the PVP is
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distributed non-uniformly around the pellet, which agrees with results detected by the
micro-CT (Figure 6.2). Thus, it may cause the pellet to separate into a few agglomerates after
the separation stage due to increased bind strength between some of micro-particles.
Previously (see Chapter 3), we have analysed the passage percentage of the pellet and size
distribution of the separated particles using various operating pressure and different binder
(PVP) concentration. 40 mg/ml PVP in a pellet is shown to ideal as it almost separates the
pellet into individual micro-particles with some small agglomerates using 178 um pore size of
mesh. As discussed earlier in the Figures 3.15b and 3.16a (See section 3.4.2.4), the application
of mesh pore size presents a good control of the size distribution of the separated
micro-particles and uses to the following experiments for the investigation of the penetration

depth of tungsten micro-particles in the skin mimicking agarose gel.

g® 0.2mm
|

(b)

Figure 6.2: Micro-CT images of a stainless steel micro-particle pellet made of 40 mg/ml PVP
concentration (a) reconstructed three dimension view of the pellet (b) top internal view across
the pellet at the position of 1.08 mm on the z axis (c) side internal view across the pellet at the
position of 1.08 mm on the y axis. The images show homogeneity of the packing of the

micro-particles

132



200um

Figure 6.3: SEM image of the top surface of the pellet

6.3.3 Modelling strategy and parameters

In previous chapter, the detailed mathematical principle of the microneedle assisted
micro-particle delivery is discussed. MATrix LABoratory (Matlab) is used to build and solve
the theoretical model for MN assisted micro-particle delivery. The detailed model behaviour
is described previously in the section 5.3.3. Generally, it consists of three main parts
including a main program, an event program and two function programs (acceleration and
deceleration stage). The main program simulates the whole process of the MN assisted
micro-particle delivery. The event program defines the impact points of the micro-particles on
the skin, rebound points on the boundary of the gap between mesh and skin and the end points
inside the skin. The function programs input the equations, which are used to determine the
theoretical results. The function programs are implemented to the main program by choosing
a suitable ode solver which requires considering the condition of the function program
(stiff/non-stiff). In addition, an if statement has been used to define the position of the
micro-particles and further to confirm the selection of the equations to calculate the
theoretical velocity of micro-particles at different position. A for statement has been used to

repeat the simulation of a number of micro-particles in the deceleration stage.

In the model, human skin is considered as a target for micro-particles in the model. The three
main layers of human skin, stratum cornum (SC), viable epidermis (VE) and dermis layers are
considered in the model. The detailed skin properties are listed in the Table 5.2. It is worth to

mention that the yield stress and density of the dermis layer is considered the same with the
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viable epidermis layer. In the Chapter 4, we have used porcine skin instead of human skin to
analyse the friction coefficient between particle and skin tissue by using a rotational
viscometer with parallel plate geometry. The result will be used in this study, which is shown
in Table 5.2. The friction coefficient between particle and each skin layer is treated as the

same in the model.

In this case, this model is chosen to analyse the delivery of tungsten micro-particles. In a
previous work (section 3.4.2.4), the pellet is shown to be separated into individual particles
with a few agglomerates using a mesh and then penetrates into the target. It illustrates that a
number of the tungsten particles agglomerated after the separation stage in the experiment. In
order to correlate the model with the realistic experiments, a number of tungsten
micro-particles are considered to the diameter of tungsten particle are considered to
agglomerate together to be 3 um diameter after the separation stage in the model. The other
relevant constants used in the developed model are listed in the Table 5.3, e.g. the size of the

experimental rig, particle size and hole size.

6.4 Results and Discussions

The purpose of this section is compare tungsten micro-particle with stainless steel
micro-particles for the microneedle assisted micro-particle delivery based on the analysis of
the passage percentage and the penetration depth inside target. The maximum penetration
depth of micro-particles is analysed in relation to the operating pressure (see section 6.4.2.1)
and microneedle length (see section 6.4.2.2). In addition, a theoretical model is used to
analyse the penetration depth in relation to above two parameters to compare tungsten particle
with stainless steel micro-particle and then to further understand the particle density effect on

micro-particle penetration.

6.4.1 Analysis of passage percentage

In a previous study, stainless steel micro-particles is shown to yield a higher passage
percentage and a good quality size distribution of separated micro-particles if 40 mg/ml PVP
(binder) concentration and a mesh with pore size of 178 um are used. Here, the pellets of
tungsten micro-particles are operated at the same conditions as the previous study of the
stainless steel micro-particles and to make a comparison of the passage percentage between
those two micro-particles. The passage percentage is analysed in relation to the operating
pressure which is varied from 2.4 to 4.5 bar. As shown in Figure 6.4, the passage percentage

is increased due to an increase in the operating pressures for each micro-particle. This is
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because the pellets gain more momentum at higher operating pressures, which in turn also
causes the separated particles to gain more momentum while passing through the mesh. In the
Chapter 3, we have indicated that the passage percentage of stainless steel micro-particles
reaches a maximum due to some particles sticking to the mesh and some rebounding, hence
not passing into the test tube (particle collector). As expected, the tungsten micro-particles
show a similar performance to stainless steel. Figure 6.4 shows the passage percentage of
tungsten micro-particles is less significant than stainless steel micro-particles. It might be the
size of the tungsten particles is too small, which causes the velocity of the separated particles
to decrease faster after passage through the mesh and travel in air and stick on the mesh or the

gap between mesh and target except the agglomerates.
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Figure 6.4: The effect of operating pressure on the passage percentage of the pellet separation.

Each curve in the figure is generated from three repeats of experiments. (Mesh pore size:

178um, PVP concentration: 40 mg/ml)

6.4.2 Experimental analysis of the penetration depth of micro-particles

6.4.2.1 Effect of the operating pressure

The operating pressure is shown to be a key variable on the penetration depth of stainless
steel micro-particles of 18 and 30 wm average diameters by us in Chapter 4. In this case, we
aim to investigate the difference of the penetration depth between the larger stainless steel
micro-particle and smaller tungsten micro-particles at various pressures. The tungsten
micro-particles cannot penetrate into the skin mimicking concentration of agarose gel. This is
because the momentum of the particles is insufficient to breach the surface of the gel. In the

experiment, the operating pressures are only kept between 3 to 5 bar which are low for the
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small particles to achieve velocity to breach the target. It requires a higher pressure for the
small particles to achieve sufficient momentum to penetrate further into the target. In
addition, a comparison between tungsten and stainless steel micro-particles is shown in Figure
6.5. As can be seen, irregular and spherical stainless steel particles of 30 and 18 um average
diameters achieve good penetration depths inside the skin mimicking agarose gel. Although
the density of the stainless steel is lower than tungsten, larger diameters of stainless steel
micro-particles increase their masses which lead to increased momentum of the
micro-particles so as to penetrate further in the target (skin mimicking agarose gel). The two
micro-particles show that the penetration depths increase due to an increase in the particle

size.

To further understand the effect of the particle density and size on the penetration depth in the
target, the theoretical model is used to analyse the penetration of above two materials of

micro-particles in a same target, which is discussed in the section 6.4.3.2.
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Figure 6.5: The effect of the operating pressure on the penetration depth of different type of
particles (Mesh: 178 um of pore size: Dash line: Particle penetration without using MN; Solid
line: Particle Penetration with MN) Each curve in the figure is generated from three repeats of

experiments.
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When the MNs are inserted into the skin, it is creates holes which remain there after their
removal. The micro-particles can be delivered through these holes, thus compensating for the
insufficient momentum. As presented in Figure 6.5 the penetration depth of the tungsten
particles is greater inside the agarose gel when Adminpatch MN 1500 is used. This is because
a number of particles can penetrate through the pierced holes. However, the maximum
penetration depth of the micro-particles is varied while the pressure increases from 3 to 5 bar.
In a previous work (section 4.4.2), the result of the MN insertion in an agarose gel has shown
that the length of the pierced holes is unable to maintain constantly, which varies the
maximum penetration depth of the micro-particles inside the target. Thus, the variation in the
length of the pierced holes directly affects the penetration depth of the micro-particles. It
means that the holes length is a major factor to maximize the penetration depth in the MN
assisted micro-particle delivery. The MN length effect on the micro-particle penetration depth
is discussed in the section 6.4.2.2 in detail. Figure 6.5 also shows that the penetration depths
of those two stainless steel micro-particles are more than the tungsten micro-particles. It
indicates that an increased momentum due to increase in particle size/operating pressure of

micro-particles affect the penetration depth in the MN assisted micro-particle delivery.

6.4.2.2 Effect of the microneedle length

In previous work (Chapter 4), three different lengths of MNs have used to study the
maximum penetration depth differences of stainless steel micro-particles of 18 and 30 um
diameters in a skin mimicking agarose gel. The characterizations of those three MNs are
presented in Table 4.1. To further determine the effect of MN length on the penetration depth
of small and dense micro-particles, those three MNs are used in this case. Figures 6.6a-b
show the penetration of the tungsten micro-particles in the skin mimicking agarose gel based
on the assistance of Adminptach MN 1500 and the in-house fabricated MN 750, respectively.
As can be seen, the maximum penetration depth of micro-particles after using Adminptach
MN 1500 is more than in-house fabricated MN 750, but the number of micro-particles
entering the pierced holes is less obvious. This is because a long needle increases the length
of pierced holes in the agarose gel, which maximizes the penetration depth of micro-particles.
In addition, the diameter of the in-house fabricated MN is greater than the thickness of the
Adminptach MN 1500 microneedle (see Table 4.1), which creates wider holes to provide the
convenience for particle penetration. It indicates that a desired penetration depth and amount
of micro-particles can be controlled by changing the MN length and width for further

research.
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Figure 6.6: The penetration of tungsten micro-particles in the skin mimicking agarose gel
based on the assistance of MNs (a) Adminpatch MN 1500 (b) In-house fabricated MN 750

Previouly, we have fired spherical and irregular stainless steel micro-particles in the skin
mimicking agarose gel. The results show that a number of micro-particles penetrated further
through the pierced holes (see Figure 4.9). It presents the same effect with the tungsten
micro-particles. From Figure 4.9, we have also indicated that the amount of micro-particle in
the pierced holes decreases from an increase in particle size. This is because of the hole is
reformed after the removal of the MN, reduced the opening area of the hole on the top gel
surface and further to affect the micro-particle penetration. In addition, the thickness of the
hole is only 78 um after the removal of Adminpatch MN 1500. It limits the amount of the
micro-particles to penetrate into the holes, especially to the large size of irregular stainless
steel micro-particles. Thus, the amount of the stainless steel micro-particles that penetrates
into the pierced holes is less than tungsten micro-particles if compared with the result in
Figure 6.6. However, the maximum penetration depth of each micro-particle is close but

related to length of the pierced holes.

The maximum penetration depths of tungsten micro-particles show significant differences
between each MN array as shown in Figure 6.7. It increases from an increase in MN length.
As expected, a longer MN increases the length of the pieced holes and thereby increases the
maximum penetration depth of micro-particles. However, the maximum penetration depth is
varied at different operating pressure. This is because the length of the pierced holes is varied

after the removal of the MN array. The above results show the advantage of MN assisted
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micro-particle delivery which provides a positive effect on the particle penetration even if the

momentum of the particle is insufficient to breach the target.
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Figure 6.7: The maximum penetration depth of tungsten micro-particles in the skin mimicking
based on the assistance of MNs. (mesh pore size: 178 um) Each curve in the figure is

generated from three repeats of experiments.

6.4.3 Modelling the penetration of micro-particles in skin

Firstly, this section aims to understand the microneedle assisted micro-particle delivery based
on the modelling of the trajectory of tungsten micro-particles in the deceleration stage. It is
worth to mention that the tungsten micro-particle and stainless steel micro-particle may vary
in shape and size which may affect results in reality. However, the both the stainless steel and
tungsten micro-particles are assumed to be spherical with uniform size (average diameter) in
the model. The maximum penetration depth is analysed in relation to the operating pressure,
microneedle length, particle size and density to further understand the difference between
tungsten and stainless steel micro-particles for the microneedle assisted micro-particle
delivery. Finally, a further analysis of the effect of each resistive force on the maximum
penetration depth of micro-particles is discussed to verify the main factor which minimizes

the penetration depth.

6.4.3.1 Modelling for the delivery of tungsten micro-particles
Figure 6.8a shows the trajectories of increased diameter of tungsten micro-particles in the
deceleration stage. The initial positions of the micro-particles are randomly selected at the

beginning to mimic the separation of the pellet of tungsten micro-particles. In this case, we
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assumed that a number of tungsten micro-particles are stuck together where the
micro-particles are spherical in shape and each micro-particle has diameter of 3 um after the
separation stage (mesh). The trajectory is considered to be linear. The velocity decrease is
represented by the colour change of the trajectory which corresponds to the colour bar in the
figure. The velocity decreases slowly from approximately 135 to 110 m/s from the mesh to
the target. Figure 6.8a shows that a number of the micro-particles achieve further penetration
depths via the pierced holes. The figure presents the similar performance of the developed
model with experimental results. The detailed penetration process of tungsten micro-particles
in the skin are shown in Figures 6.8b-c. Figure 6.9b shows the penetration of tungsten
micro-particles in the top skin layer of stratum corneum at 5 bar operating pressure. As can be
seen, the particle velocity deceases very fast in the stratum corneum due to an increased
resistance; the penetration depth is approximately 0.7 um which could be ignored. Some
particles are delivered through the pierced holes and then penetrate into the epidermis/dermis
layer of the skin (side surface of the pierced holes), as shown in Figure 6.8c. It shows that the
variation of the velocity is changed slightly in the pieced holes and decreased fast after
penetrating the skin. It shows a similar performance as the penetration in the stratum corneum
due to an increased resistance. Based on the above figures the penetration depth of tungsten
micro-particles is negligible in the skin, which matches well with the experimental results.
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6.4.3.2 The effect of the operating pressure and particle size on the penetration depth

In the experimental results, the operating pressure only presents a slight effect on the
penetration depth of the tungsten micro-particle without using MN. The pressures are varied
from 3 to 5 bar, which are too low for small micro-particles when compared with previous
gene gun research (Arora et al., 2008; Giudice et al., 2006; Kendal et al., 2004; Mitchell et
al., 2003). In order to further understand the effect of the operating pressures on the
penetration depth of this tungsten micro-particle, the penetration depth is analysed at various
operating pressures which range from 3 to 60 bar in the model. As presented in Figure 6.9 the
penetration depth of the tungsten particle is increased from 0.04 to 0.28 um without using
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MNs while the pressure varies from 3 to 60 bar. The penetration depth is negligible. It
illustrates that the tungsten particle of 3 um diameter are too small for penetration even if the
operating pressure increases to a great value. Figure 6.9 also shows the tungsten particle
achieves a great penetration depth after using MNs. However, the penetration depth is

increased slightly from an increase in operating pressure.
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Figure 6.9: The effect of the operating pressure on the penetration of tungsten particle

To further understand the effect of particle size and density on the penetration depth, the
particle is assumed to be spherical in shape with uniform size and the particle diameter is
varied from 3 to 100 um for both stainless steel and tungsten micro-particles using the
presented model. As presented in Figure 6.10 the penetration depth of tungsten
micro-particles increases from 0.07 to 65.61 pum in the skin without using MNs and from
1149.07 to 1214.61pum using Adminpatch MN 1500 at 5 bar pressure. It shows more
penetration depth than stainless steel which only penetrates 0.02 to 17.36 um in the skin and
1149.02 to 1170.5 um using a same MN as tungsten while the particle diameter ranges from 3
to 100 um. This comparison directly shows the advantage of dense particles on the

penetration in the target for gene gun systems.
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Figure 6.11: A comparison of penetration depth between model and experimental results
(particle type: tungsten micro-particle of 3 um diameter). The experimental results in the

figure are generated from three repeats of experiments.

A comparison of the penetration depth of the tungsten micro-particles (3 um) between model
and experimental results is shown in Figure 6.11. It is worth to mention that the difference

between experiment and modelling may be due to the assumption that the particle shape of
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the tungsten particle is regular after the separation stage in the model. As can be seen, the
tungsten particle penetrates less than 0.1 um without using MN for the model result. It
matches well with the experimental results which show the tungsten micro-particles cannot
penetrate into the skin mimicking agarose gel. However, this condition can be made up by
using MNSs. As presented in Figure 6.11 the tungsten micro-particles reaches a further depth
using Adminpatch MN 1500, but the maximum penetration depths are varied at pressure
ranges from 3 to 5 bar. This is because it is not possible to ensure that the length of the
pierced holes is constant each time using the same MN. As expected, the model results match
well with the experimental results. In conclusion, the maximum penetration depth of tungsten
micro-particles is directly related to the length of the pierced holes, and the operating pressure
only presents a slight effect on the penetration depth in this case. To further understand the
effect of pierced holes on the penetration depth of tungsten micro-particles, three different

lengths of MNs (see Table 4.1) have used and discussed in the following section.

6.4.3.3 The effect of the microneedle length
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experiments.
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In the real experiments, some tungsten micro-particles may be agglomerate after the
separation stage. However, any effects of the particle agglomeration on the model results are
not accounted for directly at this moment. This may be the reason why there are some
differences between the experimental and modelling results; however, all comparison have
produced reasonable match between the experimental and modelling results. In section 4.4.3.3,
the experimental results have shown that the length of pierced holes has a greater effect on the
maximum penetration of stainless steel particles, which is related to the MN length. As
expected, it agrees with the results of tungsten micro-particles show in the Figure 6.12. As
can be seen, the maximum penetration depth of tungsten micro-particles seems to be
increased with an increase in the MN length. In principle, the length of pierced holes is
directly related to the MN length which maximizes its length. An increased length of the
pieced holes allows a number of micro-particles which deliver into the holes to penetrate
further inside the target and maximizes the penetration depth. As expected, the experiment
results are varied for each application of MNs due to difficulties maintaining a constant hole
length. However, the model results match well with the experimental results, which illustrate

the applicability of the model for MN assisted micro-particle delivery.

6.4.3.4 Dependence of particle penetration depth to particle size and density in relation
to the resistive forces in the dermis layer of the human skin

The skin properties vary with one person to another, e.g., the gender, age, race and the various
anatomical areas of the body of the same person (Xu et al., 2007; Vexler et al., 1999). As
discussed earlier, the penetration depth of micro-particles is related to the yield force (Fy), a
frictional resistive force (F) and a resistive inertial force of target material (F;) which
decelerate the high-speed micro-particles inside the target (see equation 5.15). However, the
yield force depends on the yield stress of the target (see equation 5.18). Further, the resistive
inertial force is related to the friction coefficient between particle and target (equation 5.16)
and the frictional resistive force depends on the density of the target material (equation 5.17).
In view of these inter-dependencies which in turn affect the micro-particle delivery, this
section aims to analyse the effects of each force on the penetration depth of micro-particle to

further investigate the major factor which presents a greater effect on the penetration depth.

For the MN assisted micro-particle delivery, the main point is the maximum penetration depth
of the micro-particle in the skin. As discussed already, a number of the micro-particles

penetrate through the holes made by the MNs to the dermis layer of the skin. In order to
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investigate the effect of each force on the maximum penetration depth of micro-particle, we
assume that the micro-particles penetrate into the dermis layer at the tip area of the hole to
obtain the maximum penetration depth of micro-particles. In addition, we kept one of those
three resistive forces as constant and ignored the other two forces to analyse the variation of
the penetration depth in the model. As shown in Figure 6.13, stainless steel micro-particle
penetrated further than the tungsten particle due to the difference in particle size. Figure 6.13
also shows that the frictional resistive force provided a minimum effect on the micro-particle
penetration. The effect of the yield force on the penetration depth is greater than the frictional
resistive force. However, the major factor is the resistive inertial force which causes the

penetration depth of micro-particles is almost negligible if the hole length (1149 pm) is

subtracted.
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Figure 6.13: The effect of each resistive force on the maximum penetration depth of
micro-particles (stainless steel particle: 18 pum diameter; tungsten particle: 3 um diameter;

Hole length: 1149 pm)

As discussed earlier, the resistive inertial force is a major component that determines the
penetration depth of micro-particles for the gene gun based micro-particle delivery. Friction
coefficient between particle and target directly affects the resistive inertial force. In order to
further understand the effect of the resistive inertial force on the particle maximum
penetration depth, the theoretical model is used to simulate the effect of varying the friction

coefficient between particle and dermis layer from 5 to 19.6 MPa where we kept the yield
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stress and density (see Table 5.2) and the hole length constant and operated the system at 5
bar operating pressure. As presented in Figure 6.14, the maximum penetration depth
decreased from an increase in friction coefficient between particle and dermis layer. This is
because an increased resistive inertial force slows down the particle velocity rapidly. Figure
6.14 also shows that the effect of a decreased friction coefficient between particle and dermis
layer on the maximum penetration depth is increased from an increase in particle size and
density due to an increased momentum. The maximum penetration depth of small
micro-particle (tungsten particle of 3 um diameter) is kept to approximately a constant when

the friction coefficient between particle and dermis layers is changed.
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6.4.3.5 Further Discussions

A comparison between stainless steel and tungsten micro-particles on the penetration depth in
the skin mimicking agarose gel has been made in this study. Tungsten micro-particles are
unable to penetrate the skin mimicking agarose gel / skin without using MN in the
experimental result, which is different from the results of stainless steel micro-particles. The
reason is that the diameter of tungsten micro-particles is less than 1 um which is too small
when compared with the stainless steel micro-particles of 18 and 30 um diameters. As a result

the momentum of the tungsten micro-particles is too low to allow the particles to breach the
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gel surface. In section 3.4.1.1, the velocity of ground slide is measured which only reaches
around 122 m/s at 5 bar pressure, using a photoelectric sensor, which means that the particle
velocity is less due to the energy loss. This velocity is less than some previous studies for
gold particles, e.g. Kendal (2001) has investigated that 1 + 0.2 um diameter of gold particles
can reach a velocity of 580 + 50 m/s at 40 bar pressure using a contoured shock tube (CST).
The ground slide presents a significant negative effect on the particle velocity, but it has
safety advantage which prevents the pressurized gas from impacting the human body. Thus,
the operating pressure is mimicked from 3 to 60 bar to study the penetration differences of
tungsten micro-particles after increases the momentum in the theoretical model. However,
these tungsten micro-particles still cannot achieve the expected penetration depth. It indicates
that a ground slide based gene gun system is not useful for the intercellular route because
micro-particles cannot reach velocities high enough to breach the skin. Increasing the particle
size will increase the moment but cause damage to the surface of the skin. As a result the

extracellular route is the expected solution for normally ground slide based gene gun system.

However, the use of MN meets the purpose of an intercellular route to deliver micro-particle
to a greater penetration depth in the skin using a ground slide based gene gun system.
Previously, The experimental results have shown that the penetration depth of stainless steel
micro-particles is increased while using a MN (see section 4.4.3). In this case, the tungsten
micro-particles are investigate using modelling and experiments with MN assisted
micro-particle delivery. As expected, both model and experimental results show that the use
of MN maximizes the penetration depth of tungsten micro-particles. However, the maximum
penetration depth of micro-particles depends on the length of pierced holes which is created
by MNs. The maximum penetration of tungsten micro-particles reaches around 1149 um
using Adminpatch 1500 MM, which never reach for other relevant gene gun system. For
example, Kendal (2001) has indicated that gold particles of 1 + 0.2 um diameters can
penetrate 66 um in the skin at velocity of 580 + 50 m/s using a contoured shock tube (CST).
Kendal et al. (2004) have also used a convergent-divergent device to accelerate 1.8 pum
diameter gold particles which achieves a maximum penetration depth of 78.6 um at 60 bar.
Mitchell et al. (2003) has shown that gold particles of 1-3 um diameters can reach a
maximum depth of around 60 um in canine tissue at a velocity of 550+50 m/s. It is concluded
that the diameters of gold particles ranges from 1 to 3 only can penetrates to a depth from 60
to 78.6 um (epidermis layer) which is less than the maximum penetration depth of the

tungsten particles after using MNs. It shows that the improvement of the penetration depth
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using MN assisted micro-particle delivery, which achieves depths never reached before. In
conclusion, the results show that the intercellular route is feasible for the MN assisted
micro-particle delivery. In theory, it is the preferred route for MN assisted micro-particle
delivery due to the cell damage is minimized from a decrease in particle size (O’Brien, 2011),
although extracellular route presents more penetration depth. It could be proved by firing the
above stainless steel/tungsten micro-particles into cell cultured skin mimicking agarose gel to

analyse the cell damage in the further work.

6.5 Chapter Summary

This study shows an effective method for relating the use of MNs to create holes on the target
for micro-particle delivery to improve the penetration depth of micro-particles. The
experimental rig considers possible changes in the operating pressure to analyse the
penetration depth and passage percentage of tungsten and stainless steel micro-particles.
Results show that the passage percentage increases due to an increase in operating pressure
until a maximum value. Tungsten micro-particles used in this study present a lower passage
percentage than stainless steel due to an insufficient momentum to reach the target (particle
collector). In addition, tungsten micro-particles are stopped by the skin mimicking agarose gel
even if the operating pressure is increased. But an increased operating pressure improves the
penetration of stainless steel particle without using MNs. This is because the diameter of
tungsten micro-particles is small (< 1 um). To further understand the particle size and density
effect on the penetration depth, a theoretical model is used to mimic the operating pressure
ranges from 3 to 60 bar to accelerate tungsten and stainless steel micro-particles while the
diameter ranges from 3 to 100 um. The results show a great improvement in the penetration
depth of tungsten micro-particles which is more than stainless steel micro-particles. However,
both model and experimental results show that a use of MNs provides an improvement on the
penetration although the momentum is insufficient to breach the skin. The maximum
penetration depth of micro-particles up to dermis layer has not been reached before. It is
related to length of MNs which determine the length of pierced holes. As expected, model
results matches well with the experimental results, which illustrates the applicability of the
model for the MN assisted micro-particle delivery. MN assisted micro-particle delivery
improves safety because an intercellular route can be chosen to reduce the damage from
particle impact and the pressurized gas is prevented by the ground slide. In addition, it also
enhances the penetration depth of micro-particles properly if compared with any other gene

gun systems. An increased penetration depth allows deeper tissue to be transfected, which
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provides more effective gene transfection in the target. Future work could be to attach the
genes on the micro-particles, fired into the cells using MN assisted micro-particle delivery
and then analyse the DNA profile of the cells to verify the advantage of MN assisted

micro-particle delivery.
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7. Conclusions and Further works

7.1 Conclusions

Gene gun systems are advanced and flexible devices for the researches of genetic
engineering, molecular biology and gene therapy, which can be operated in various operating
pressures and particle properties (e.g. size, density). They could be used to vary the particle
velocity and penetration depth to achieve the purpose of DNA transfection in the desired area
of target (e.g. skin, plants). This offers the advantage of delivering genes to the target cells
through varying the operating pressure or particle properties. However, cell death is inevitable
because of the impaction of the pressurized gas and micro-particles on the tissue. In this
study, a new concept which combines microneedle (MN) with gene gun system for
micro-particle delivery, namely, MN assisted micro-particle delivery, is pointed out. It is
expected to reduce the cell damage and enhance the penetration depth in the target. The
developed conceptual system uses a ground slide to prevent the pressurized gas and slow
down the velocity of micro-particles to reduce the impact force on the target to achieve the
purpose of cell damage reduction. An improvement is proposed by using an array of MNs to
overcome the target barrier to allow a number of micro-particles penetrating further through

needle holes to let deeper tissue to be transfected.

To confirm the proposition of MN assisted micro-particle delivery, an experimental rig is
designed, which consists of three stages, namely, particle acceleration, separation and
deceleration stages. Well-defined experiments are conducted to determine the practicability of
the concept for each stage. For the first stage, the velocity of the ground slide is analysed in
relation to the material, barrel diameter and operating pressure. The results show that
micro-particle velocity is increased from a decrease in material density and barrel diameter
and an increase in operating pressure. It indicates that the velocities of the particles are
definitely slower than other gene gun systems (e.g. contoured shock tube (CST), PowderJect).
In addition, the pressurized gas is almost prevented by the ground slide in the experiments.
These results suggest that cell damage is possibly reduced using this system. Certainly, it
would require one to use the method of MN assisted micro-particle delivery to deliver genes
coated micro-particles into cells to confirm the conditions of the gene expression and cell

damage in the further work.

For the separation stage, the work shows that it is possible to compress the micro-particles

into a cylindrical pellet using an in house pellet press for the purpose of facilitated loading it
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in the ground slide. Various concentrations of binder (PVP) can be used to form different
strengths of pellets and fire them at various pressures to obtain different passage percentage.
The work also confirms that it is possible tp optimize binder concentration for MN assisted

micro-particle delivery.

In the work various pore sizes of meshes are used to separate the pellets in the experiment.
Results show that the passage percentage is increased from an increase in operating pressure
and mesh pore size and a decrease in binder concentration. However, large agglomerates are

not desirable because of it may cause significant damage to the target tissue.

The results in this work show that the size of separated particles is controllable using various
pore sizes of meshes. Larger pore size of mesh allows large agglomerates to pass through
with higher pellet passage percentage. A decrease in mesh pore size blocks the agglomerates
but decrease the passage percentage. In addition, higher binder concentration enhances a
number of agglomerates. Based on the consideration of the passage percentage and the size
distribution of separated particles, pellets bound with 40 mg/ml PVP yielded a higher passage
percentage and a good control on the size distribution of separated particle based on the
application of 178 um pore size mesh. Therefore, 40 mg/ml binder concentration and mesh of

178 pum pore size are considered to our following works.

For the deceleration stage, a skin mimicking agarose gel (0.0265 g/ml) is used as a target
instead of the human skin in the experiment. Three different lengths of solid MNs are used to
study the MN assisted micro-particle delivery. In the early stage, stainless steel of 18 and 30
um average diameters are analysed to confirm the feasibility of MN assisted micro-particle
delivery. The penetration depths of micro-particles in the skin mimicking agarose gel are
analysed in relation to the operating pressure, mesh pore size, particle size and MN length.
Results show that the penetration depths of micro-particles increase from an increase of the
above four variables. In particular, the MN length is shown to be a dominant variable which
maximizes the penetration depth of the micro-particles. However, large pore size of mesh is
not accepted because of a significant damage presents on the target because of the
agglomerates, but the pellet is almost separated into individual particles and penetrated into
the gel without showing damages when a small pore size of mesh is used. The pierced holes
created by MNs have been found to allow a number of micro-particles penetrating further in

the target. It indicates that the MN assisted micro-particle delivery is useful where the damage
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of the target from the gas/particles is reduced and a number of micro-particles reach the

desired depth more easily.

To further understand the MN assisted micro-particle delivery, a mathematical model is built
on the basis of the experimental rig. The equations are implemented into MATLAB using ode
function, which mimic the operation processes of acceleration, separation and deceleration
stages of the rig. As expected, model results of the ground slide veolcity match perfectly with
the experimental results. In addition, the trajectories of micro-particles in the deceleration
stage are simulated from a random selection of the initial position and moving direction after
the separation stage, and the velocity variation of micro-particles is defined by using
colormap function in the model. An event program is implemented into the model to define
the impact points and final positions of micro-particles in the deceleration stage. The model
mimics the deceleration stage to predict the linear trajectories of micro-particles to determine
the distribution of the micro-particles in the three layers of skin. As expected, model results
show increasing the operating pressure, particle size and hole length would increase the
penetration depth of the micro-particle inside skin, which matched well with the experimental

results for the penetration depth of micro-particles.

Finally, tungsten micro-particle of 0.5 um average diameter is analysed to compare with
stainless steel micro-particles. Results show that the passage percentage increases from an
increase in operating pressure until reaches a maximum value, but tungsten micro-particles
present a lower passage percentage than stainless steel due to its momentum is insufficient to
reach the target (particle collector). In addition, tungsten micro-particles are fired into skin
mimicking agarose gel at various pressures. Results show that tungsten micro-particles are
unable to penetrate into the skin mimicking agarose gel without using MNSs, but great
amounts of micro-particles are penetrated through the pierced holes to reach an enhanced
penetration depth inside the gel. Additionally, the mathematical model simulates the
penetration of the tungsten micro-particles in the skin, which also results those micro-particles
cannot penetrate into the skin but reach a further depth inside skin via the holes. As expected,
model results matches well with the experimental results, which illustrates the applicability of

the model for the MN assisted micro-particle delivery.

In conclusion, MN assisted micro-particle delivery is a safe method which promises much to

deliver gene loaded micro-particles into cells with less tissue damage because of the
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pressurized gas is prevented and the velocity of micro-particles is deceased. Especially,
tungsten particles of 0.5 um diameter can deliver to a further penetration depth in the skin
mimicking agarose gel based on this method, which can predict the practicability of this new
concept for micro-particle delivery. In addition, the maximum penetration depth of
micro-particles is enhanced properly if compare with any other gene gun systems (e.g. CST,
Helios gene gun), which allows deeper tissue to be transfected to provide more effectively
gene expression in the target. In the furfure work, genes will be attached on the
micro-particles which are fired into the cultured cells to analyse the DNA profile to verify the
reduction of cell damage. The detailed work proposal is discussed in the following section of

further works.

7.2 Further works

This research points out a new concept of microneedle (MN) assisted micro-particle delivery
for gene gun systems. A set of well-defined experiments has been processed to show that the
use of ground slide prevents the pressureized gas to impact on target and slows down the
velocity of micro-particles, which aims to reduce the cell damage. The use of MNs can
enhance the penetration depth of micro-particles, which allows deeper tissue to be transfected
if DNA is attached to the micro-particles. Thus, further studies could fire DNA (e.g. plasmid)
coated micro-particles into the cultured cells to explore the DNA transfection and cell
damages to verify the advantage of MN assisted micro-particle delivery. Therefore, an
effective method for cell culture and DNA coating on the micro-particles are necessary to

consider.

Several studies have shown the preparation of DNA coated golden micro-particles for Helios
gene guns (O’Brien and Lummis, 2011; Svarovsky et al., 2008; O’Brien and Lummis, 2006;
Thomas et al., 2001). Two chemical, namely, spermidine and calcium chloride, are required
to coat DNA on micro-particles. Spermidine can wrap the DNA to form a protective layer
(Mertens et al., 2011). Calcium chloride (CaCl;) would play the function like a binder to stick
DNA onto the micro-particles (Hall, 1990). Thomas et al. (2001) have introduced the detailed
procedure to prepare DNA coated micro-particles as: micro-particles require washing by 100%
ethanol about three times to remove the impurities, and then DNA, spermindine and calcium
chloride are added and vortexed vigorously to make sure that DNA are even distributed in the
suspension. After that, the ethanol is requires to remove to get totally dried DNA coated

micro-particles. A future work can use a similar method to coat DNA onto the micro-particles.
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In our research, micro-particles should be compressed into a cylinder pellet. Thus, we can add
PVP solution on the dried DNA coated micro-particles and then compress into a pellet. The

detailed pellet making pressure is described in the section 3.3.3.3.

HEK-293

1%
Figure 7.1: HEK-293 cells culture in agarose-medium gel (Yang et al., 2009)

Cell culture is a technology to grow cells outside the natural environment at controlled
conditions. Culture medium is firstly required to consider for the growth of cells, which can
be separated into two types are liquid and solid culture media. For liquid culture media, cells
are required to maintain at specific conditions in a cell culture media, e.g. Dulbecoo’s
Modified Eagle’s Medium (DMEM) which often used for cell maintenance (O’Brien and
Lummis, 2011; Yang et al., 2009; Napolitano et al., 2007). For example, Yang et al. (2009)
have maintained cells in the DMEM media at 37 °C in a humidified incubator supplied with
5% CO,. O’Brien and Lummis (2011) have maintained HEK293 cells in DMEM/F12 at 7%
CO,. Solid culture media forms by adds a certain volume of coagulant in the liquid culture
media. Agarose gel is the most common coagulant used for the solid culture media (Yang et
al., 2009; Napolitano et al., 2007). Figure 7.1 shows HEK-293 cells culture in 1 % of
agarose-medium gel. Previously, a skin mimicking agarose gel is found in our research, thus,
we can mix liquid culture media with skin mimicking concentration of agarose solution and
pour into petri dish to solidify to provide an agarose-medium gel to culture cells. A further
task of delivering DNA coated micro-particle into the skin mimicking agarose-medium gel to
analyse the DNA transfection and cell damage for MN assisted micro-particle delivery is
necessary, the results will be compared with other relevant biolistic transfection in
skin/cultured cells (e.g. CST, Helios gene gun) to prove the advantage of MN assisted

micro-particle.

However, the cell viability requires the supplements of the nutrition and moisture to cells. In

addition, Yang et al. (2009) have indicated that the cell viability is different at various
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concentration of agarose gel. The work found 1 % agarose gel is the optimal concentration to
cover cells at room temperature for 1 to 3 days. Thus, a project of using MN assisted
micro-particle delivery method to deliver DNA coated micro-particles into different
concentrations of agarose-medium gel to obtain the optimal concentration for DNA

transfection will be considered in the further works.

As discussed in the thesis, MNs present a great effect on the maximum penetration depth of
micro-particles. The quantity of micro-particles in the pierced holes is related to the particle
size and the opening area of the pierced hole. Previously (section 4.4.3.2), The experimental
results have shown that the amount of micro-particles goes into the holes is decreased from an
increase in particle size when Adminpatch MNs (1500/1200) is used. However, the amount is
increased from an increase of the opening area of the holes which is related to the geometry of
the MNs. Generally, an increased amount improves the effect of DNA transfection on the
target area. In addition, an increase in MN number may increases the particle number goes
into the holes in theory. Thus, a task of changing the geometry (e.g. cross-section area, MN
number) of MNs is necessary to analyse the effect on the amount of micro-particles

penetration through the pierced holes if the length of MNs is fixed.

In addition, the effect of DNA transfection and cell damage requires to consider when the
amount of micro-particles goes into the target is increased. In theory, an increased particle
amount is increased the number of cells to be transfected in the target area if micro-particles
are coated with DNA (e.g. plasmid). However, a great amount of micro-particles impacts on
the target and goes into the pierced holes may cause damages on the target area due to the
some particles are penetrated closely as a large particle on the target during the penetration
process. Thus, a task of analysing the cell damage and DNA transfection varies with the
amount of DNA coated micro-particles in different locations of target area is required in the

further work.

It is worth to mention that the current system size of MN assisted micro-particle delivery is
too large and difficult to handle, which is differed with other hand-hold gene gun systems (e.g.
InjectionJet). Thus, minimize the MN assisted micro-particle delivery system is necessary for
the mass production and further to the practical application to daily life in the future. The
work can be achieved based on the theoretical model which varies the dimension of the

system to analyse the particle velocity and penetration depth whether achieve the desired
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effect to verify the suitable size for the MN assisted micro-particle delivery system. However,
good-looking appearance and simple operation of the system design is an indispensable part

for the production in the future.
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Appendix A: The drag coefficient equations (Morsi et al, 1972)

C, =24.0/Re for Re<0.1,

C, =22.73/Re+0.0903/Re*+3.69  for 0.1<Re<1.0,

C, =29.1667/Re-3.8889/Re’+1.222  for 1.0<Re<10.0
C, =46.5/Re-116.67/Re’+0.6167  for 10.0<Re<100.0
C, =98.33/Re-2778/Re*+0.3644  for 100.0<Re<1000.0

C, =148.62/Re—4.75x10* /Re*+0.357  for 1000.0<Re<5000.0



Appendix B: The mathematical model of the microneedle assisted micro-particle
delivery

(1). Main code for the microneedle assisted micro-particle delivery
clear all

global thetal R1 theta2 Rb sigmal

global rhof muf mp rp Rc mc

global ILn Rt d Lm R2 n tol

global mum rhosc rhove sigma2 Tsc

rhos = 19920;

%$rhos = 8000;
rhof = 1.29;
rhosc = 1500;
1150;

rhove
rp = 1.5e-6;

sigmal = 10000000;
sigma2 = 2200000;

Rc = 0.001;

mc = 0.001;

mp = 4*pi*rp~3*rhos/3;
muf = 1.85e-5;

% the density of micro-particle (kg/m3)

% the denisty of steel
$ the density of fluid (kg/m3)

% the density of sc(kg/m3)
% the density of ve (kg/m3)

% the radius of the micro-particle (m)
% the yield stress of SC(Pa)

% the yield stress of epidermis (Pa)
% the radius of cluster (m)
% the mass of cluster (kg)

% mass of the micro-particle (kg)

% the viscosity of fluid (Pa s)

Rb = 0.006; % Nozzle entry radius (m)

Rt = 0.006; % Nozzle exit radius (m)

ILn = 0.005; % the length of nozzle (m)

Im = 0.001149; % the length of microneedle hole (m)
Tsc = 2e-5; % the thickness of sc(m)

Tve = le-4; % the thickness of epidermis (m)

muw = 8.9e-4; % the viscosity of water (Pa s)

mum = 19.6; % the friction coefficient between

theta?2 = atan((Rt-Rb)/Ln);

particle and skin

% wall angle (rad)

en = 1.0; % normal coeff of restitution (-)

et = 1.0; % tangential coeff of restitution (-)
Np = 1; % number of particle trajectories

n = 5; % number of microneedle

m = n+l; % number of space

R1 = 0.00020; % needle entry radius (m)

R2 = 0.00005; % needle exit radius (m)

d = (2*Rt-n*2*R1) /m; % the space between each microneedle
ncol = 200; % number of color

thetal = atan((R1-R2)/Lm);

% microneedle angle (rad)



tol = le-7;

La = 0.003; % the length of agarose
Ra = 0.009; % the radius of agarose
fr = 0.5; % the fraction of microneedle length

inserted in the skin

Ar = 2; % the ratio between muscle thickness and
microneedle length

sum = 0; % the number of micro-particle pass through

the needle at the begining

suml = 0; % the number of micro-particle stopped at
sum2 = 0; % the number of micro-particle stopped at

%$The acceleration stage

%Constant

Rw=0.00375; % the radius of the barrel (m)
vl = 0.001;

y=1.4; % the heat capacity ratio

M1 = 0.00125;

La=[0:0.001:0.5]; % the lenght of acceleration stage (m)
P1 =300000;

ul=sqrt (2* (P1*V1*y* (((V1+pi*Rw"2*La)) ." (1-y) - (V1" (1-y))))/ (M1* (1-y)))
figure (1)

plot (La,ul, 'b-")
xlabel ('The acceleration stage distance [m]'")

ylabel ('The velocity of ground slide [m/s]')

grid

%$The deceleration stage

options = optimset ('TolFun',1E-6, 'Display', 'off');

%intial states and simulation length for the cluster decelerated in the
air

12=1linspace(0,0.01,10);

$simulation

[D1,u2]=0ded45('rhs fun ac',12,ul(end), options);



figure (2)
plot (D1,u2, 'b-")
xlabel ('The travel distance of cluster in the air [m]")

ylabel ('The velocity of cluster in the air [m/s]')

grid

%The energy lost during the separation stage
u3 = u2(end) *0.8;

%intial states and simulation length for the micro-particle decelerated
in the nozzle

figure (3)

clf

set(gca, 'xlim', [-0.01 0.01], 'ylim', [0 Ln+ (Ar+1l)*Lm]);

box on

hold on;

xlabel ('Radial position (m)','fontsize',20);

ylabel ('Axial position (m)', 'fontsize',20);

set (gca, 'FontName', '"arial', "FontSize',20);

% Plot the location and structure of nozzle and agarose gel in the figure
3

plot Rt -Rt], [0 Ln], '-k','LineWidth',2);

plot ([Rt Rt], [0 Ln], '-k','LineWidth',2);

plot ([Ra Ral, [Ln Ln+ (Ar)*Lm],'-k', 'Linewidth',2);
plot Ra -Ral, [Ln Ln+(Ar)*Lm], '-k', 'Linewidth',2);

([~
([
([
([~
plot ([Rt Ral, [Ln Ln],'-k', 'Linewidth',2);
([~
([~
([
([~

plot Rt -Ral, [Ln Ln],'-k', 'LineWidth',2);

plot Ra Ra]l, [Ln+ (Ar)*Lm Ln+ (Ar)*Lm], '-k', 'LineWidth',2);

plot ([Rt-d-(Tsc*tan (thetal)) Ral, [Ln+Tsc Ln+Tsc]l,'-k', 'Linewidth',2);
plot Rt+d+ (Tsc*tan (thetal)) -Ra]l, [Ln+Tsc

Ln+Tsc], '-k', '"LineWidth', 2);

plot ([Rt-d-( (Tsc+Tve) *tan (thetal)) Ral, [Ln+Tsc+Tve
Ln+Tsc+Tve], '-k', "LineWidth',2) ;

plot ([-Rt+d+ ( (Tsc+Tve) *tan (thetal)) -Ral, [Ln+Tsc+Tve
Ln+Tsc+Tve], '-k', "LineWidth',2) ;

for i= -Rt+d:2*R1+d:Rt-d-2*R1

plot([i i+R1-R2], [Ln Lm+Ln], '-k','LineWidth',62);



end

for i= -Rt+2*R1+d : 2*R1+d : Rt-d

plot([i i-R1+R2], [Ln Lm+Ln], '-k','LineWidth',2);

end

for i= -Rt : 2*R1+d : Rt

plot([i i+d], [Ln Ln], '-k','LineWidth',2);

end

for i= -Rt+d+R1-R2 : 2*R1l+d : Rt-d-R1+R2

plot ([i i+2*R2], [Ln+Lm Ln+Lm], '-k','LineWidth',2);

end

for i= -Rt+2*R1+d-((Tsc+Tve) *tan (thetal)) : 2*R1+d:
Rt-d-2*R1+ ((Tsc+Tve) *tan (thetal))

plot ([1i i+d+2* ((Tsc+Tve) *tan(thetal))], [Ln+Tsc+Tve Ln+Tsc+Tve],
'-k', 'Linewidth',2);

end

for i= -Rt+2*R1+d-((Tsc)*tan(thetal)) : 2*R1+d:
Rt-d-2*R1+ ((Tsc) *tan (thetal))

plot ([i i+d+2* (Tsc*tan (thetal))], [Ln+Tsc Ln+Tsc], '-k','LineWidth',2);
end

Svrexit = [];

Svzexit = [];

% Simulation of micro-particles travelling along a nozzle and agarose gel

for i=1:Np

tstart = 0;

vz0 =u3; % particle initial axial velocity (m/s)
a = 20; % radial velocity (% of axial
velocity)



r0 = Rb*rand*sign (rand-0.5);
z0 = 0;

% choose radial component to be normally distributed with a mean of

% and a standard deviation of a% of vz0

vr0 = a/100*vz0*randn;

y0 = [x0; 0; vr0; vz0]; % [ r (signed), z, vr (signed), vz]
tfinal = 2*Ln/y0(4); % estimate the max residence time
refine = 6;

options = odeset ('RelTol',le-7,...
'Events',@event locator2, 'Refine',refine); %
tout = tstart;

yout = y0."';

teout = [];
yeout = [];
ieout = [];

while tstart < tfinal

[t,y,te,ye,ie] = odelb5s(@rhs fun2, [tstart
tfinal],y0,options);

cmap = jet(ncol);
npts = length(y(:,1));
maxspeed = 180;
minspeed = 0;
for 3 = 2 : npts
speed = sqrt((y(3,3)"2+y(3,4)"2));
col = max(ceil (((speed - minspeed)/ (maxspeed -

minspeed) ) *ncol), 1) ;

plOt([Y(j_lrl) y(jrl)]r [Y(j‘1,2)
yv(j,2)],'color',cmap(col, :), 'LineWidth',3);

end

o)

% Accumulate output

nt = length(t);
tout = [tout; t(2:nt)];

VI



yout = [yout; y(2:nt,:)]1;

teout = [teout; tel; % Events at tstart are never reported.
yeout = [yeout; yel;
ieout = [ieout; ie];

% Set the rebound conditions

y0(1) = y(nt,1);
y0(2) = y(nt,2);
vri = y(nt,3);
vzi = y(nt,4);

% Check i1f particle has collided with wall of nozzle
if abs(Ln - y0(2))/Ln > tol
if y0(2) <Ln
if y0O(1) < 0

theta 1 = theta2;
else

theta 1 = -theta2;
end

y0(3) =

-sin(theta 1) *et* (cos(theta 1)*vzi-vri*sin(theta 1))+
cos (theta 1)* (-vri*cos(theta 1)-sin(theta 1)*vzi) *en;
v0(4) =

cos (theta 1) *et* (cos(theta 1)*vzi-vri*sin(theta 1))+
sin(theta 1)* (-vri*cos(theta 1)-sin(theta 1) *vzi) *en;

end

end
if speed < le-5
break

end

% Check if particle has stoped in the agarose gel

tstart = t(nt);

Vil



end

% Interpolate to obtain exit velocities and store in vectors

if y0(2) >= Ln & y0(2) < Ln+Tsc
sum = sum +1;

else
sum = sum;

end

if y0(2) >= Ln+Tsc & y0(2) < Ln+Tsc+Tve

suml = suml +1;
else
suml = suml;

end

if y0(2) >= Ln+Tsc+Tve

sum?2 = sum2 +1;
else
sum2 = sum2;

end

title('Micro-particle trajectories', 'fontsize',20);
figure (3)
if ~isempty (yeout)

plot (yeout(:,1),yeout(:,2),'or'");

end

end

% plot a colorbar in the figure 3 to show a scale of velocity range

colorbarl = colorbar('ylim',[3 50],

'YTickLabel', ...

{"0','20','40','60",'80','100",'120",'140",'160",'180"}, 'fontsize', 18
) ;

figure (4)

clf
set(gca, 'xlim', [0 4], 'ylim', [0 100]);

box on

VIl



hold on

N1 = (sum/Np)*100;% Measure the percentage of micro-particle can pass
through the needle

N2 = (suml/Np)*100;

N3 = (sum2/Np)*100;

N = [N1 N2 N3];

bar (N) ;

set(gca, 'XTickLabel', {'', "', "Inside the stratum corneum','', 'Inside the

viable epidermis','', 'Inside the dermis'});

ylabel ('Percentage (%) ', 'fontsize', 20);

set (gca, 'FontName', '"arial', "FontSize',19);

%The deceleration stage in the agarose gel

1=1linspace(0,0.0025,1);
options = optimset ('TolFun',1lE-4, 'Display', 'off'")

[D3,u4] = odel5s('rhs funl',1,u3, options);
[D4,ub]

ode23('rhs fun3',1,u3, options);

figure (5)

clf

set(gca, 'x1lim', [0 0.0025], "ylim', [2 1507)

box on

hold on;

plot (D3,u4, "k--",D4,u5, 'k-' )

xlabel ('The travel distance of micro-particle in the skin

[m]', 'fontsize',12)

ylabel ('The velocity of micro-particle in the skin [m/s]', 'fontsize',12)
legend ('The micro-particle penetrates the skin', 'The micro-particle

penetrates via the pierced hole on the skin')

(2). Function code to calculate the velocity of micro-particles before impact on the mesh

%this code is for calculation of velocity

function du=fun_ac(l,u)

global rhof muf Rc mc



$differential equation

Re=rhof*u*2*Rc/muf; $Cluster Reynolds number in the channel

if Re<=0.1
Cd=24.0/Re;

elseif Re<=1l
Cd=22.73/Re+0.0903/Re"2+3.69;

elseif Re<=10
Cd=29.1667/Re-3.8889/Re"2+1.222;

elseif Re<=100
Cd=46.5/Re-116.67/Re”2+0.6167;

elseif Re<=1000
Cd=98.33/Re-2778/Re"2+0.3644;

else
Cd=148.62/Re-47500/Re"2+0.357;

end

du=-Cd*rhof*u*pi*Rc”"2/ (2*mc) ;

end
(3). Function code for two dimension analysis of micro-particles decelerating in the
deceleration stage

function dydt = rhs fun(t, x)

global rhof muf mp rp Ln ILm d Rl n Re R2 sigmal rhosc mum rhove sigma?2

Tsc

vr = xX(3);

vz = x(4);

v = sqrt(vr"2+vz"2); % absolute velocity of micro-particle
Re = rhof*v*2*rp/muf; % micro-particle Reynolds number

if Re <= 0.1

Cd = 24.0/Re;
elseif Re<=1

Cd = 22.73/Re+0.0903/Re"2+3.69;
elseif Re <= 10

Cd = 29.1667/Re-3.8889/Re"2+1.222;
elseif Re <= 100

Cd = 46.5/Re-116.67/Re”2+0.6167;
elseif Re <= 1000



Cd = 98.33/Re-2778/Re”2+0.3644;
else
Ccd

148.62/Re-47500/Re”2+0.357;

end

rho=0;

sigma y=0;

if x(2) > Ln & x(2) < Ln+Tsc
rho = rhosc;
sigma y = sigmal;

elseif x(2) > Ln+Tsc

rho = rhove;
sigma y = sigma2;
end
if x(2) < Ln | x(2) < Ln+Lm & rem(n,2) == 0 & abs(rem(x(1l),d+2*R1)) >

0.5*d & abs(rem(x(1l),d+2*R1l)) < O0.5*d+2*R1 & x(2) <
(Lm/ (R1-R2)) *abs (rem(x (1) ,d+2*R1) ) +Ln-0.5*d* (Lm/ (R1-R2)) & x(2) <
(Lm/ (R2-R1)) *abs (rem(x (1) ,d+2*R1) ) +Ln-(0.5*d+2*R1) * (Lm/ (R2-R1)) ...

| x(2) < Ln+Lm & rem(n,2) == 1 & abs(rem(x(1l), d+2*R1)) > RI1+d
& abs(rem(x(1l), d+2*R1l)) < d+2*R1 & x(2) <
(Lm/ (R1-R2)) *abs (rem(x (1) ,d+2*R1) ) +Ln- (R1+d) * (Lm/ (R1-R2)) | x(2) <
Ln+Lm & rem(n,2) == 1 & abs(rem(x(1l), d+2*R1l)) < Rl & x(2) <
(Lm/ (R1-R2)) *abs (rem(x (1) ,d+2*R1) ) +Ln+R1* (Lm/ (R1-R2)) & x(2) <
(Lm/ (R2-R1)) *abs (rem(x (1) ,d+2*R1) ) +Ln-R1* (Lm/ (R2-R1))

dydt (1) = vr; % radial velocity
dydt (2) = vz; % axial velocity
dydt (3) =-Cd*rhof*vr*v*pi*rp~2/ (2*mp) ; % radial drag
dydt (4) =-Cd*rhof*vz*v*pi*rp~2/ (2*mp) ; % axial drag

else
dydt (1) = vr; % radial velocity
dydt (2) = vz; % axial velocity
dydt (3) =
- (3*sigma_ y*pi*vr*rp”2/ (mp*v))-(0.5*rho*vr*v*pi*rp”2/ (2*mp)) - (6*pi*rp

o)

*mum*vr/mp); % radial drag
dydt (4) =
- (3*sigma y*pi*vz*rp”2/ (mp*v))-(0.5*rho*vz*v*pi*rp”2/ (2*mp)) - (6*pi*rp

*mum*vz/mp); % axial drag

dydt = dydt';

Xl



end

(4). Function code to measure the penetration depth of micro-particles without using

microneedle
function du = rhs funl (1, v)

global mp rp sigmal rhosc mum rhove sigma2 Tsc

rho=0;

sigma_ y=0;

if 1 < Tsc
rho = rhosc;
sigma y = sigmal;
else
rho = rhove;
sigma y = sigma2;

end

du = - (3*sigma_y*pi*rp”*2/ (mp*v))-(0.5*rho*v*pi*rp”2/ (2*mp) )

-6*pi*rp*mum/mp; $ axial drag

(5). Function code to measure the penetration depth of micro-particles through the

pierced holes
function du = rhs fun3(1l,v)

global mp rp mum sigma?2 muf rhof Lm rhove

Re = rhof*v*2*rp/muf; % micro-particle Reynolds number

if Re <= 0.1

Cd = 24.0/Re;
elseif Re<=l

Cd = 22.73/Re+0.0903/Re"2+3.69;
elseif Re <= 10

Cd = 29.1667/Re-3.8889/Re"2+1.222;
elseif Re <= 100

Cd = 46.5/Re-116.67/Re”2+0.6167;
elseif Re <= 1000

Cd = 98.33/Re-2778/Re”2+0.3644;
else

Cd = 148.62/Re-47500/Re”2+0.357;

end

Xl



if 1 < Lm

du = -Cd*rhof*v*pi*rp”2/(2*mp); Smicro-particle travel in the needle
hole

else

du = - (3*sigma2*pi*rp”2/ (mp*v))-(0.5*rhove*v*pi*rp”~2/ (2*mp) )
-6*pi*rp*mum/mp; % micro-particle penetrate into the skin

end

(6). Event code to define the event locators of the rebound and impact points

unction [value,isterminal,direction] = event locator2(t,y)

o)

% Locate the time when height passes through zero in a

o)

% decreasing direction and stop integration.

global thetal R1 theta?2 Rb Ln d n

if y(2) < Ln

valuel = Rb+y(2)*tan(theta2)-abs(y(1)):; % Detect impact
elseif rem(n,2) == 1 & abs(rem(y(l),d+2*R1)) <= d+R1l &
abs (rem(y(1l),d+2*R1)) >= R1 % the location of the space between each
microneedle

o)

% when the number of microneedle is a odd number

[

valuel = Ln-abs(y(2)); % Detect impact

elseif rem(n,2) == 0 & abs(rem(y(l),d+2*R1l)) <= 0.5*d &
abs (rem(y(1l),d+2*R1)) >= 0
| rem(n,2) == 0 & abs(rem(y(l),d+2*R1)) >= 0.5*d+2*R1l &
abs (rem(y(1l),d+2*R1)) <= d+2*R1

valuel = Ln-abs(y(2));

else

if rem(n,2) ==1

if abs (rem(y (1), d+2*R1))> d+R1l & abs(rem(y(l), d+2*R1l))<
d+2*R1...

XMl



valuel = R1-(y(2)-Ln)*tan(thetal)-abs (abs(rem(y (1),
d+2*R1))-d-2*R1);
elseif abs(rem(y(1l), d+2*R1)) < R1L
valuel = R1-(y(2)-Ln)*tan(thetal)-abs(rem(y(l), d+2*R1l));
end
else
if abs(rem(y(l), d+2*R1l)) > 0.5*d & abs(rem(y(l), d+2*R1l)) <
0.5*d+2*R1
valuel = R1-(y(2)-Ln) *tan (thetal)-abs(abs(rem(y (1),
d+2*R1))-0.5*d-R1);
end
end

end

value2 = sqgrt(y(3)"2+y(4)"2)-1e-10; % velocities < 1le-10 m/s have
effectively stopped

value=[valuel; value2];

isterminal = [1; 11; % Stop the integration

direction = [-1; -1]; % decreasing function only

XV



