View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Loughborough University Institutional Repository

B Loughborough
University

This item was submitted to Loughborough’s Institutional Repository
(https://dspace.lboro.ac.uk/) by the author and is made available under the
following Creative Commons Licence conditions.

@creative
commons

COMMONS D D

Attribution-NonCommercial-NoDerivs 2.5
You are free:
e to copy, distribute, display, and perform the worl

Under the following conditions:

Attribution. vou must attribute the work in the manner specified by
the author or licensor,

Noncommercial. vou may not use this work for commercial purposes.

Mo Derivative Works. vYou may not alter, transform, or build upon
this wark,

« For any reuse or distribution, vou must make clear to others the license terms of
this worle,

& Any of these conditions can be waived if vou get permission from the copyright
holder.

Your fair use and other rights are in no way affected by the above.

This is a hurman-readable summary of the Legal Code (the full license).

Disclairner BN

For the full text of this licence, please go to:
http://creativecommons.org/licenses/by-nc-nd/2.5/



https://core.ac.uk/display/288378226?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Microneedle assisted micro-particle delivery by gene guns:
Mathematical model formulation and experimental verification

Dongwei Zhang, Diganta B Das*, Chris D Rielly
Department of Chemical Engineering, Loughborough University, Loughborough, LE11 3TU,

Leicestershire. UK

Short title: Microneedle assisted micro-particle delivery

Submitted for review and publication in:

Chemical Engineering Science

13 June 2014

*Corresponding author; Email: d.b.das@Ilboro.ac.uk; Tel: 00441509222509

Page 1 of 39


mailto:d.b.das@lboro.ac.uk

© 00 N oo o B~ W N P

W W W wWNNNNDDNDNDNDNDNNDNRIERERERERPRP P PR R p
W N P O © 0 N o 0 ~ WNIERPO © 0 N O 0. M W N R O
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Abstract

Gene gun is a micro-particles delivery system which accelerates DNA loaded micro-particles to a high
speed so as to enable penetration of the micro-particles into deeper tissues to achieve gene transfection.
Previously, microneedle (MN) assisted micro-particles 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-particles, a mathematical model for MN assisted
micro-particles delivery is developed. The model mimics the acceleration, separation and deceleration
stages of the operation of a gene gun (or experimental rig) aimed at delivering the 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 the micro-particles which randomly select the initial positions in the deceleration stage
and enter into the target. The penetration depths of the micro-particles are analyzed 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.

Key words: Modelling, gene gun, micro-particle, microneedle, penetration depth

1. Introduction

Gene guns are aimed at delivering DNA loaded micro-particles into target tissues at high speed (Zhang et
al., 2013a; O'Brien et al., 2006; Yang et al., 2004; Lin, 2000). The penetration depths of the micro-particles
are typically greater than the stratum corneum, i.e., the top layer of skin (Yager et al., 2013; Kendall et al.,
20044a,b; Mitchell et al., 2003; Chen et al., 2002; Quinlan et al., 2001). To understand various features of
the micro-particles delivery and evaluate achievable performance from the gene guns, mathematical

models are often developed which aim to simulate the micro-particles transfer process for specific gene
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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 (Bellhouse et al., 1994, 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. (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 from a gene gun, namely,
acceleration, separation and deceleration stages. In this work, the particle velocity have been analyzed 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-particles penetration in the deceleration stage. Soliman et al. (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 has used
Newton’s second law to 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-particles 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
pum (Matteucci et al., 2009; Schaefer et al., 1996). 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.
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Figure 1: A schematic diagram of the experimental rig for MN assisted micro-particles delivery (Zhang et

al., 2013b)

In a recent study, it has been shown that the penetration depths of micro-particles could be improved
further to the dermis layer based on the use of microneedles (MNs) by creating holes on the target which
allow a percentage of micro-particles penetrate through to achieve the purpose of improved penetration
depth (Zhang et al., 2013b). MN arrays are minimally invasive systems that bypass the outer layer of skin,
namely the stratum corneum, to achieve increased transdermal drug delivery (e.g., Olatunji and Das,
2011; Donnelly et al., 2012; Nayak et al., 2013; Olatunji et al., 2013; Cheung et al., 2014). MNs are
broadly classified into two categories, namely, solid and hollow (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; Olatuniji
et al., 2014). Using MNs and gene gun mimicking experimental rig (Figure 1), Zhang et al. (2013b) have
shown that pellets bound with 40 mg/ml concentration of Polyvinylpyrrolidone (PVP) concentration yield
approximately 70% of passage percentage of a pellet mass with good control on the size distribution of
separated micro-particles using a mesh of 178 um pore size. Solid micro-needles were used by Zhang et
al., 2013(b) 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-particles 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
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barrel; thereby it separates into micro-particles by a stopping screen with high speed. For the deceleration
stage, the separated micro-particles spray forward, penetrate into the target via the holes made by solid

micro-needle and stop inside the target.

Zhang et al. (2014) 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 agarose 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 analyze 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 analyzed by an image
processing software, namely, ImageJ (National Institutes of Health, Maryland, USA) (ImageJ, 2013).
Zhang et al. (2014) show that the penetration depth increases with an increase of operating pressure,
particle size and MN length. 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.

In order to further understand the characteristics of MNs assisted micro-particles delivery from gene guns,
the present study aims to develop a mathematical model of the process (Figure 1) for delivering the
micro-particles into a target. In particular this paper aims to simulate the penetration depths of the
micro-particles. From an experimental point of view, the micro-particles are compressed into a cylinder
pellet, loaded into a ground slide, and accelerated by pressurized air. Thus, the velocity of the pellet is
defined to be 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 velocities of the

separated micro-particles decrease due to energy loss from the impaction and passage though the mesh.

In this paper, the mathematical formulation and it experimental validation are presented. The velocity of
the micro-particles is simulated as it is one of the most important variables that determine penetration
depth of the micro-particles in the deceleration stage. Furthermore, the model is formulated to mimic the
acceleration, separation and deceleration stages of MNs assisted micro-particles delivery where the
governing equations are solved 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 by Zhang et al. (2013b) to verify the acceleration stage of the model. In addition, the trajectories
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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 for the experimental validation. Please note
that the paper is focused on modelling the micro-particle delivery process. The issues related to the
loading of genes on these particles and subsequent gene transfection in a target cells are not discussed in

this paper.

2. Methodology

2.1 Governing equations for micro-particles transport in various stages

As discussed earlier, the MNs assisted micro-particles delivery process consists of acceleration,
separation and deceleration stages (Zhang et al., 2013a,b). 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.

211 Acceleration 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 1). A compressed gas (air
in this case) is released from a gas cylinder and stored in the receiver (Zhang et al., 2013b). 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 V1 and P1. After the valve is opened, the
gas expands and accelerates the ground slide. The volume of air increases to V5 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, )y 1)

Where Y is the heat capacity ratio. This process defines gas as a fluid where y =1.4for diatomic gas and

v =1.6for a monatomic gas.

In the acceleration stage, only air does work on the ground slide. The work done by the gas is:
L 2
[ P.nR’dI=E 2)

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

E=%Mu2 (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:

2P VT(V, +7R*L)™ — (V)]

) :\/ M(1-7) “

2.1.2 Separation stage

In the separation stage, the compressed air is released from the vent hole (see Figure 1) and the ground
slide blocks the gas from flowing into the deceleration stage (Zhang et al., 2013a,b). 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:
1 1
Enmul2 :(1—x)><§mpu2 (5)

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-particles after passing through the stopping screen and mj, is the mass of the pellet which

can described as mp =Nm

The rearranged equation (5) gives:

Vi-Xxu=u, (6)

2.1.3 Deceleration 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-particles delivery. The micro-particles need to breach the SC and pierce the subsequent layers,
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e.g., the epidermis layer. The detailed mathematical principles of these two steps are explained in

sections 2.1.3.1 and 2.1.3.2.

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 2.1.3.3.

2.1.3.1 Micro-particles travel in the gap between mesh and skin
The separated particles decelerate in air before hitting the target (Zhang et al., 2013a,b). This process is

described by the following energy balance equation:
1 2
E,+Es +E4 :Emu1 (7)

Where E; is the final kinetic energy of the separated micro-particle. Es is the surface free energy of the

pellet and E4 is the energy lost due to the frictional drag force from the micro-particles in the air.

The frictional drag force on a micro-particle in the air is given as:
1 .
Fy :EPUZCdAp (8)

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, Cq 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
E, =[Fdl ©
After differentiating the energy loss Eq4 with the distance | we obtain:

_dE,

Fy = - (10)

Where | is the gap between the mesh and target.
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The final kinetic energy of the separated particles before they hit the target is given as:
1
E, =2 mu, (11)

Based on equations (8) and (10), the relationship between the particle velocity and travel distance is given

as

du, 1
—muzd—lzzipuichp =F, (12)

The drag coefficient Cq4 in equation (12) is an important parameter in the modelling of gas and particle

interactions. This coefficient is a function of the particle Reynolds number (Re), which depends on the gas
viscosity (4) and density (p), particle diameter (d), and relative velocity (U). For the purpose of this paper,
the Reynolds number is defined as:

pu,d
u

Re = (13)

The relationship between C4 and Reynolds number, as used in this work, are shown in the appendix.

2.1.3.2 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,
dt

Where fy is the drag force for the micro-particles, Ug is the velocity of separated micro-particles in the

f,=-m (14)

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 (Fy), frictional resistive force (Ff) 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:

mdstd:—(Fi +F +F) (15)
The equation for each component of the resistant force is as shown below:

F =6my, Uy (16)
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F =EptApu§ (17)
F, =3A,0, (18)

Where i is the viscosity of the target, Iy is the radius of the micro-particle, py is the density of the target

and oy IS the yield stress of the target.

2.1.3.3 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 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,  dP.
dz dr
dp, dP. ) . _ _
As q >> , the axial (z) velocity component is greater than the radial (r) component. Further, the
z
velocity of the separated particle in the space between mesh and target is u,, and the initial velocity is
equal to u;.
2 2 2
Therefore u;, =u; +u (19)

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

Therefore u, =ku, (20)

In our case, k is defined to be 0.2. The air in the holes of microneedles may flow when the high pressure
gas pushes the ground slide along in the system (i.e., the barrel). Although, the ground slide can stop the
gas from entering the deceleration stage, the air flow still happens in front of the ground slide and causes
changes in pressure drop in the deceleration stage. In this case, the axial velocity component is greater
than the radial component and, therefore, the k value should be low so that it practically imposes the
above condition in the simulations. In reality, it is not easy to identify or directly measure the k values.
Therefore, we have adopted an indirect approach to ascertain the value in our case. For this purpose, we
have chosen three different k values, i.e., 0.1, 0.2 and 0.3, and determined the ground slide velocity for
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each case. As we have the experimental data for the velocity as well, we compared the experimentally
determined data to the simulated results. The results show that at these low values k, the ground slide
velocity is not significantly affected by k values. More importantly, the results for the k value of 0.2 seem to
match slightly better with the experimental results as compared to the other k values. On these bases, we

have chosen a k value of 0.2 for all our simulations in this work.

2.1.3.4. Micro-particle travel between mesh and target

In the first part of the deceleration stage, the air drag force is presented in equation (8). According to

Newton’s second law:

Fd =ma=m d;tz (21)

Substitution of equation (8) into equation (21) provides:

mdu2 1,

at :EpudCdAp (22)
For axial component, we have
du, 1
md—tf=§cdpuduxAp (23)
For radial component
du, 1
md_tZ:ECdpuduyAp (24)
At the same time, the radial displacement component is:
dl
dtr =u, (25)
The axial displacement component is:
dl,
it =u, (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.

2.1.3.5. 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
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velocity change of the micro-particles is calculated based on the Newton second law and it is shown in

equation 27 which is obtained from equation 15:

d
m%:%pujAp +3A G, + 6Tl U, (27)

For the axial component of equation (27), we have

du, 1 u
L=—pu,u,A +3A c, —+6mu,ru, (28)
a2 P *Vu, e

On the other hand, the radial component of equation (27) is

du 1 u
L="C,pu,u A +3A ¢, —~+6mu.ru
dt 2 oPTey P, HepTe (29)

In the program, we have used 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 into the skin, and achieve a further penetration depth inside skin. The model behaviour is

explained in the section 2.3 in detail.

2.1.3.6. 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 2.

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

From Figure 2, it can be seen that in order to change from (x,y) axes to (r,z) axes, a rotation through

T . . . . . :
(E + Oj is required. The new coordinates of the tangential and normal velocity components of that point

are (Vy, V) on (r, z) axes. Using the standard matrix rules (Eberly, 2002) to perform the axes- rotation of

the velocity vectors gives
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cos E+ej —sin(E+e

_ 2 2
sin E+9 cos(ﬁ+e

2 2

When inverted, equation (30) gives

components on the impact plane are

Vi) [-sin® —cos6)V, 20
V, | | cos® —sing |V, (30)

—-sin® cosoO |V,

. (31)
—c0s® —sino\\V,
Equation (31) therefore suggests that for the velocity on impact, the tangential and normal velocity

-V, sinB+V, coso
V,, ==V, c0s0-V,sin0

(32)

Rebound
Impact
Vr
v, X
.

following coefficients of restitution

=e,V
Vyr = —enVyi

Figure 2: The trajectory of particle impact on a planar wall

For the velocity on rebound, the tangential and normal velocity components may be written in terms of the

Xi

(33)

Page 13 of 39



334

335

336

337
338

339
340
341

342
343
344
345
346
347
348
349

Hence, rotating back through (g+ Gj , using equation (30), to get the radial and axial velocity components

on rebound provide:

V, =—€,sin06(-V, sin0+V,, cos6) +e, cos6(-V,; cosd—V,, sin0)

34
V, =e, cosO(-V,sin0+V, cos)+e, sind(-V, cos6 -V, sin0) (34

We define the collisions between micro-particles and the boundary of the gap between mesh and skin are
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.

Table 1: The meaning of each variable in Figure 2

Variables Description
Vi The velocity on impact
Vi 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
Ve The axial velocity component on rebound
© The angle of boundary of the gap between mesh and skin

I The impact point

Vyi The tangential velocity component on impact
Vyi The normal velocity component on impact
Vi The tangential velocity on rebound

Vyr The normal velocity on rebound

2.2 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 3a). 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 3b which is a

magnified profile of a section of the model geometery shown in Figure 3a. The thicknesses of the different
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skin layers differ which are listed in Table 2. The viscosity of each layer is treated as the same in the model.
Previously, Zhang et al. (2014) have analysed the viscosity of the porcine skin using a rotational
viscometer, which will be used as a replacement for human skin in the model and shown in Table 4. For
example, the density of the stratum corneum and viable epidermis are defined as 1.5 and 1.15 g/cms,
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 2: Skin properties used in the model

Parameter Value Reference
Thickness of VE, Tye (M) 0.0001 Holbrook et al. (1974)
Thickness of SC, Tsc(m) 0.00002 Matteucci et al. (2008);

Schaefer et al. (1996)

Yield stress of SC, Y (MPa) 3.2-225 Wildnauer et al. (1971)
Density of SC, psc (g/cm?) 1.5 Duck (1990)

Density of VE, pye (g/cm®) 1.15 Duck (1990)

Yield stress of VE, Y e (MPa) 2.2 Kishino et al. (1988)
Viscosity of skin, Li; (Pas) 19.6 Zhang et al. (2014)

In order to investigate the MN 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 shown in Figure 4 and explained
in the Table 3. Zhang et al. (2014) have chosen Adminpatch MN 1500 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 4. 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 has been obtained in a previous work (Zhang et al., 2014).
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 4) at the time the
micro-particles are delivered. The details can be shown in Figure 3a, which presents the pierced holes as

uniform cones.
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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 4.

Table 3: The characterizations of the MN array (Zhang et al., 2013b)

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
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Table 4: Relevant constants used in the developed model

Parameter

Value

Mass of ground slide with the pellet, M (g)

Length of barrel, L(m)

Radius of barrel/ground slide, R(m)

Volume of receiver, V1 (L)

Space between mesh and skin, Ly (m)

Density of stainless steel (g/cms)

Average Diameter of spherical stainless steel particle (um)

Average Diameter of Irregular stainless steel particle (um)

Viscosity of air, |1 (Pas)

Length of pierced holes L, (um) Adminpatch 1500
Adminpatch 1200

In-house fabricated MN

Width of pierced holes Ly, (um) Adminpatch 1500

Adminpatch 1200

In-house fabricated MN

1.25

0.5
0.00375
1

0.05

1.78
1149
1048
656
302
302
156
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2.3 Solving governing equations

The governing equations for modelling the MNs assisted micro-particles delivery are solved using
MATLAB (Version R2012b). MATLAB is a powerful programming software for computing and data
processing and visualisation. For our case, we have used MATLAB'’s in-built programming language to
simulate the particle delivery process in each stage. The presented model consists of a main program to
explain the overall process of the micro-particles 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 2 - 4). The acceleration stage is analysed in one-dimensional using equation (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 (6) in the main programme to define the energy loss
of micro-particles during separation stage and then to calculate the velocity of micro-particles 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 (U,) is defined to be equal
to U; which is the final velocity of the separated micro-particles 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 3. 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
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 3). The penetration depth of micro-particles in the skin is obtained from the
figure. In addition, equations (12, 15) are solved using a separately function program and implemented
into the main program to predict the penetration depth of micro-particles with/without using MNs in

one-dimensional simulation. A for statement is used to repeat the same procedure to simulate a number of
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micro-particles trajectories in the program. However, the number of micro-particles is defined as a

constant and inputted at the start of the main program.

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-particles 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.

3. Results and Discussions

3.1 Acceleration stage

The micro-particle velocity is a key variable in the micro-needle assisted micro-particles delivery process
which is simulated and 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 relevant constants are listed in Table 4.

The operating pressure is another key variable in the model which affects the velocity of the ground slide.
The principle of modelling the acceleration stage is explained in section 2.1.1. Indeed the model results
show that the operating pressure has a significant effect on the ground slide velocity (Figure 5). 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: Effect of the operating pressure on the ground slide velocity (modelling results)

Zhang et al. (2013b) have used a pair of photoelectric sensors 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 Zhang et al.
(2014)’s experiments which are shown in Figure 6. As can be seen, both sets of results compare well at
the chosen pressures. 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 micro-needle assisted micro-particles 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
velocities of 170, 250, 330 m/s at 20, 40 and 60 bar pressure. In this 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
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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.

An insufficient velocity means that the micro-particles cannot reach the desired depth inside the target due
to the insufficient momentum. As the operating pressure was limited in the experiments of Zhang et al.
(2013c), 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 velocity obtained from LGG. Zhang et al. (2013b) 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 Zhang et al. (2013b)’s experimental set up if higher velocity
is necessary. Furthermore, Zhang et al. (2014) suggest that the penetration depth is maximized by using
MNs. The MNs make up for the insufficient velocity of the micro-particles since the pierced holes created

by MNs provide a positive effect on the penetration depths. This is explained more in section 3.2.
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Figure 6: Comparison of modelling (this work) and experimental (Zhang et al., 2013b) results of the ground
slide velocity against the operating pressure. The experimental results in the figure are generated from

three repeats of experiments.

3.2 Deceleration stage

3.2.1 Thetrajectory of the micro-particles

Zhang et al. (2013b) 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 paper, the presented
mathematical model is used to simulate the trajectories of stainless steel micro-particles of 30 ym average
diameter in the deceleration stage. As presented in Figure 7a, the velocity of the micro-particles is
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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-particles rebound on the boundary of the gap between mesh and skin is clearly shown

in Figure 7a. However, the penetrations of micro-particles in the target are not visible in this figure.

In theory, the particle velocity must decrease 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 7b, which is
obtained from zooming in a part of Figure 7a. As can be seen, the micro-particles only penetrate slightly in
the stratum corneum layer of skin. The detailed penetration depth refers to the resultsof dashed line in
Figure 8 (see the zoomed view of the axis), which shows that the stainless steel micro-particles of 30 ym

diameter only penetrate around 1.9 pm inside the stratum corneum.

Figure 7a 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 7c. 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-particles via the pierced holes is shown in Figure 8 (see the zoom in view of
the axis). As can be seen, the penetration depth of the micro-particles reaches 1151.1 ym when
Adminpatch MN 1500 is used. However, some particles cannot reach the holes tip and penetrate through
the skin surface of the pierced holes to achieve a further depth inside the epidermis/dermis layer of the

skin as shown in Figure 7d.

Finally, delivery of an arbitrarily selected number of micro-particles, namely one hundred (100)
micro-particles, has been simulated to determine the particle’s final location in each layer of skin. As
presented in Figure 9, it shows that about 75% of micro-particles stop 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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Figure 7: The trajectories of the micro-particles in the deceleration stage for the MN assisted
micro-particles delivery: (a) The overall view of the micro-particles trajectories, (b) The particle penetration
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penetrates into the side surface of the needle hole inside skin (stainless steel micro-particles of 30

diameter; pressure: 5 bar)
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560 322 Comparison with experimental results

561 As mentioned earlier, Zhang et al. (2013c) have used an agarose gel to mimic the skin on the basis of
562 rheological properties using a rotational viscometer. The work shows that the rheology of 0.0265 g/ml
563 concentration of agarose gel matches well with that of porcine skin, and this skin mimicking agarose gel is

564 used as a target instead of human skin to analyse the penetration depth in relation to the operating
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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 micro-needle arrays, which are in-house fabricated MN (750 ym) and Adminpatch MN 1500
(1500 ym) and 1200 (750 um) 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 paper, 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.

3.2.2.1 The effect of the operating pressure and particle size on 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 um average
diameters are simulated at operating pressure varies from 3 to 60 bar. The results of these simulations are
presented in Figure 10. In the figure, the solid lines represent the micro-particles delivery without the MN
pierced holes and they correspond to the primary y axis (y1). The penetration depths of the micro-particles
via the pierced hole are 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 also shows
that stainless steel micro-particles of 18 ym diameter can penetrate only from 0.58 to 2.59 um 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 ym when Adminpatch MN 1500 is used for the pressure ranging from 3 to 60 bar. In
addition, Figure 10 shows the penetration depth of 18 uym diameter of stainless steel micro-particles is less
than 30 um diameter. The effect of the micro-particles size on the penetration depth is discussed in the

following section.
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Figure 10: The effect of the operating pressure on the penetration depth of the micro-particles in the skin
(stainless steel micro-particles: 18 and 30um average diameters; MN: Adminpatch MN 1500; solid line:

primary y axis; dashed line: secondary y axis)

The penetration depth of the micro-particles is also related to the size of the micro-particles which is one of
the major variables that affects the particle momentum. As presented in Figure 11, the diameter of the
micro-particles 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 results plotted in the dashed line and show the
maximum penetration depth of the micro-particles which goes through the pierced hole. The penetration
depth is found to be from 0.71 to 37.12 ym 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 ym. It
indicates that the small micro-particles 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 11, the penetration depth increases from 1149.75 to 1189.73 pum, which is
enhanced by delivering a number of micro-particles through the pierced holes created by the Adminpatch
MN 1500. The penetration depth in dermis layer varies from 0.75 to 40.73 um which is more than the

penetration in top layer.
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A comparison between model and experimental results on penetration depths is shown in Figure 12.
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 greater
effects on the penetration depth for the experimental results. The penetration depth rises fast as the
operating pressure is increased. It also shows a significant difference between stainless steel
micro-particles of 18 and 30 ym diameter, which demonstrates that an increased particle size has a
positive correlation on the penetration depth. However, those two variables only have slight effects 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. Zhang et al.
(2013b) have used different pore sizes of meshes to break up the pellet separation and control the size
distribution of the separated particles, which show that the pellet has been 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.
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Figure 12: A comparison between model and experimental results at various operating pressures
(stainless steel micro-particles: 18 and 30 diameters; MN: Adminpatch MN 1500; solid line: primary y axis;
dashed line: secondary y axis). The experimental results in the figure are generated from three repeats of
experiments. Due to possible formation of agglomerates in the experiments, experimental and the

modelling results do not match very well.

Figure 12 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 ym
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-particles penetration depth, such as
small particles may penetrate further than larger particles. As presented in Figure 12, the penetration
depth of stainless steel micro-particles of 18 ym diameter is more than 30 ym diameter at 3 and 3.5 bar
pressure. However, the experimental results show that the stainless steel micro-particles of 30 and 18 ym

diameters reach the penetration depth from 1119.7 to 1314.4 ym and from 1188.3 to 1255.1 ym while the
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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 micro-needle length on the

penetration depth is discussed in the following section.

3.2.2.2 The effect of the micro-needle length

In principle, the length of the pierced hole depends on the length of the micro-needle. 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 13, the penetration depths of the micro-particles 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 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.

In conclusion, the experimental results match well with the model results in Figure 13. 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
MNSs. 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-particles delivery, the penetration

depth can be fine tuned by the operating pressure.

3.3 Further discussions

In this paper, the penetration depths of micro-particles are analyzed 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 experiments, the agglomerates provide a greater
effect on the particle penetration depth. This is possibly why the model results could not match well with
the experimental results in this paper. However, the agglomerates can be prevented by using a smaller
pore size of mesh to allow individual micro-particles to pass through which provide obtain a uniform

penetration depths of the particles and comparable well with model results.
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Figure 13: The effect of the micro-needle length on the penetration depth of the stainless steel
micro-particles (30 um). The experimental results in the figure are generated from three repeats of

experiments.

The paper confirms that an application of MN array provides a positive effect on the micro-particles
penetration. The maximum penetration depth of the micro-particles has presented a significant increment
from the results without MN application. For the MN assisted micro-particles delivery, the penetration
depth reaches the dermis layer inside skin, which was not 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 ym 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 ym
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 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). Now the target tissue may be the dermis layer as the use of MNs promise to increase the
penetration depths further. In other words, the MN may be useful for the injection of micro-particles

especially for the targets which require a deeper injection of the particles.
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4. Conclusions
A mathematical model has been developed for MN assisted micro-particles delivery from gene guns. MN
assisted micro-particles delivery, and in particular the penetration depths of the particles, are studied in
this paper. For the acceleration stage, the particle velocity is analysed in relation to the operating pressure
and these results compare well with the experimental results obtained from the previous work (Zhang et
al., 2013b). 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-particles delivery
takes into consideration possible change in operating pressure, particle size, MN length due to the
micro-particles 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 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-particles delivery.
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8.Appendix

The drag coefficient as function of particle Reynolds number, as used in this work (Morsi and Alexander,
1972)

Cd = 240/Re for Re<0.1,

— 2
C, = 22.73/ Re+0.0903/ Re?+3.69 for 0.1<Re<1.0,

_ _ 2
C, =29.1667/Re-3.8889/Re’+1222 . . (o . o
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
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