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ABSTRACT: A set of laboratory experiments has been carried out to determine if micro-needles (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 MNs 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, because of 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 �m was used for the majority of the
experiments. The operating pressure provides a positive effect on the penetration depth, that is it increases as pressure is increased. Further,
as expected, an application of MNs maximises the micro-particle penetration depth. The maximum penetration depth is found to increase
as the lengths of the MNs increase, for example it is found to be 1272 ± 42, 1009 ± 49 and 656 ± 85 �m at 4.5 bar pressure for spherical
micro-particles of 18 ± 7 �m diameter when we used MNs of 1500, 1200 and 750 �m length, respectively. C© 2014 Wiley Periodicals,
Inc. and the American Pharmacists Association J Pharm Sci 103:613–627, 2014
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terials; transdermal drug delivery; skin

INTRODUCTION

Gene guns have been shown to be useful for the delivery of DNA
vaccines into tissues.1–5 These delivery systems are primar-
ily accelerators of micro-particles, which deliver DNA-loaded
micro-particles into target tissues to achieve the desired gene
transfection.2,6–8 The micro-particles are generally required to
penetrate to certain depths 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 stud-
ied in gene delivery research. Ziegler9 has indicated that an
acceptable DNA delivery requires that the micro-particles pen-
etrate into the target skin tissue by approximately 20 ± 100 :m.
However, the top layer of the skin, that is the stratum corneum,
limits the penetration depths for the particles10,11 because of
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 oper-
ating pressure, particle size, properties of the target tissue and
so on.12–16

In general, the micro-particles follow two routes of pene-
tration into the target tissue, which are the extracellular and
intercellular routes.16 The extracellular route is followed dur-
ing delivery of large particles, when the tissue is damaged be-
tween the cell boundaries. Soliman17 has suggested that par-
ticles which have larger diameters, for example 15–100 :m,

Correspondence to: Diganta B. Das (Telephone: +44-1509-222509; Fax: +44-
1509-222509; E-mail: D.B.Das@lboro.ac.uk)

Journal of Pharmaceutical Sciences, Vol. 103, 613–627 (2014)
C© 2014 Wiley Periodicals, Inc. and the American Pharmacists Association

are expected to penetrate by extracellular failures of the tis-
sues. 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 tar-
get tissue.18,19 Because of 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 :m diameters have been delivered at 6 MPa in a conical
nozzle by Quinlan et al.20 Kendall21 has also used converging–
diverging nozzle to deliver polystyrene micro-particles of 26.1
and 39 :m average diameters at 4 MPa to velocities of 365 and
350 m/s, respectively. Truong et al.22 have used polystyrene par-
ticles of 15 and 48 :m diameter at 6 MPa in a contoured shock
tube (CST). Liu and Kendall23 have operated with polystyrene
particles of diameter 40 :m at 6 MPa to study the particle
velocity for a CST. Mitchell et al.16 have used stainless steel
micro-particles of 25 :m diameter and concluded that the par-
ticles can penetrate up to 150 :m into excised canine buccal
mucosa at a velocity of 170 m/s. Polystyrene particles of 15.5,
25, 48 and 99 :m diameters have also been operated at 2, 4 and
6 MPa pressures in the light gas gun (LGG) by Mitchell et al.16

On the basis of these previous studies, it can be con-
cluded 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 and 100 :m. Fur-
thermore, the operating pressures for particle delivery fall in
the range between 2 and 6 MPa, which may be considered
to be high in many devices. Xia et al.24 have indicated that
200 psi (1.4 MPa) should be the maximum pressure for biolis-
tic transfer of micro-particles to tissue without any damage to
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the target material. Traditionally, heavy metal micro-particles
including tungsten25–28 and gold2,29,30 coated with DNA have
been used for targeting tissues. These elements have high den-
sities and are well suited for particle bombardment. However,
tungsten particles have several disadvantages such as non-
biocompatibility, DNA degradation and toxicity to cells.31–33

Gold particles carry the disadvantage of being very expensive.
Cell damage is another problem for the biolistic micro-particle
delivery. Sato et al.34 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. How-
ever, cell damage decreases from a decrease in particle size and
operating pressure.2,24,35

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 operat-
ing variables. A polytetrafluoroethylene (PTFE) made ground
slide is used in the current rig, which prevents the impact of
pressurised gas onto the target skin and slows down the ve-
locity of micro-particles while achieving the purpose of min-
imised cell damage. The rig also makes use of the application
of the micro-needle (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 with gold and tungsten and are
cheaper than gold, are used in this work.

The mechanisms of MN insertion in the skin and, in par-
ticular, its application in creating well-defined holes in the
skin have been studied for some years. For example, McAllister
et al.36 have observed that holes are created in skin indicating
that there is an amount of residual strain that remains after the
MNs have been removed. They have used a cylindrical MN of 20
:m diameter to perform staining experiments which indicated
that the holes remain after removal of the MNs. Davis et al.37

have used a conical hollow MN of 720 :m length and 30–80 :m
tip radius to insert into the skin to study the holes created after
the removal of MN. In addition, Martanto et al.38 have used a
MN array with a needle length of 1000 :m and width of 200 :m
by 50 :m to create visible holes on a rat skin for drug delivery.
Kalluri and Banga39 have applied conical MNs of 559 ± 14 :m
length, 213 :m base width and 4 :m tip radius on the skin
and reported that they create micro-channels of 60 :m surface
diameter and 160 ± 20 :m depth.

The above studies on gene guns 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. In a
recent review paper, Zhang et al40 have discussed the potential
uses of these coupled systems in detail and therefore they are
not discussed in length. This paper is focused on developing a
MN-based system for micro-particle penetration. For the pur-
pose of this paper, agarose gel is chosen as a target, as it is
a homogeneous and semi-clear material, providing the conve-
nience 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, for example porcine skin. In
our experiments, agarose gel with viscoelastic properties which
mimicked porcine skin is used to study micro-particle penetra-

tion. In addition, this paper is aimed at studying the penetra-
tion depth in relation to important variables which affect the
particle penetration, for example operating pressure, particle
size and MN length, using the skin-mimicked concentration of
agarose and others.

MATERIAL AND METHODOLOGY

Materials

Irregular shaped and spherical micro-particles made of bio-
compatible stainless steel were purchased from Goodfellow
Cambridge Ltd. (Huntingdon, UK) and LPW Technology Ltd.
(Daresbury, UK), respectively. Detailed characterisation of the
micro-particles is introduced in section Characterisation of the
micro-needles. Agarose powder was purchased from Sigma–
Aldrich Company Ltd. (Gillingham, UK). Porcine ear skin sam-
ples 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 :m long, were purchased from nanoBio-
Sciences limited liability company (Sunnyvale, California). In
addition, an in-house stainless steel MN array which is made
of 750 :m long was used in this study. The characterisation of
each MN array is explained in section Characterisation of the
MN.

Experimental Design

A detailed description of a MN-based micro-particle delivery
system has been introduced in a previous study by Zhang
et al.41 Generally, the system comprises an acceleration, a sep-
aration and a deceleration stage. In such a system, a pellet
of micro-particles is accelerated by a pressurised gas to a suf-
ficient 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. To achieve the
aims of this paper and carry out an in-depth study of the pen-
etration depth of the solid micro-particle, an improved version
of the experimental rig41 is used in this work. Figure 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 paper, 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, a setup modified from Zhang et al.41 is used. It
is made by using a sliced test tube (see Fig. 1b) which allows
the observation of particle penetration without the need to slice
the gel. It is based on a PTFE mold which is placed inside the
sliced test tube, as shown in detail in Figure 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. On the basis of the application of the
mold, the agarose gel is prepared into uniform pieces of 1 cm
thickness with smooth surfaces on both sides to provide a
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Figure 1. (a) A schematic diagram of the experimental rig which is an improved version of the one used by Zhang et al.41 (b) A schematic
diagram of the agarose gel mold.

good environment for a digital microscope to detect the micro-
particle penetration.

Experimental Methods

Data Acquisition

Preparation of Skin-Mimicking Agarose Gel. In this work,
agarose gel is used as a skin-mimicking target, which allows
visualisation of the particles and measurement of the parti-
cle 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 vis-
coelastic properties to porcine skin samples collected 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 following. First of all,

a rotational viscometer with parallel plate geometry (AR 1000-
N; TA Instruments, Elstree, Hertfordshire, UK) was used to
characterise the dynamic viscoelastic properties of the porcine
skin samples. 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 the 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. Oscillation test was chosen to anal-
yse the skin and agarose gel samples in this work. To mimic
the porcine skin properties using agarose gel, a wide range of
angular frequencies has been used in the viscometer, to investi-
gate the important time scales of the viscoelastic media. How-
ever, in the current paper, results from only a narrow range of
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Figure 2. (a) A SEM image of the irregular stainless steel (biocompat-
ible) micro-particles. (b) A SEM image of the spherical stainless steel
micro-particles.

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/s to measure the dynamic viscoelastic properties.

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 Eq. (1) and
loss modulus (G′ ′)42 (Eq. (2)). Those two moduli are related to
the strain amplitude ((0), stress amplitude (F0) and a phase lag
between the strain and stress (*) of the material. G′ of the sam-
ples shows the stored energy in the material and indicates the
elastic properties. On the contrary, the G′ ′ indicates the energy
dissipated as heat and characterises the viscous properties. The
data are used to calculate dynamic viscosity (: ′) of the samples

as functions of angular frequency (T).42

G′ =F0

(0
cos* (1)

G′′ = F0

(0
sin * (2)

where
F0 = F/cos(Tt) (3)

(0=(/cos(Tt − *) (4)

: ′=G′′/T (5)

In the above equations, t, F and ( represent the time, stress and
strain, respectively.

Determination of the Micro-Particle Penetration Depths and
Hole Lengths. A previous study41 has shown that the parti-
cle penetration depths can be measured by a digital optical
microscope (Eclipse 3100 and Digital Sight, Nikon, Guildford,
Surrey, UK). As described in Experimental design, a mold is
used to prepare the agarose gels to uniform the size of 2 mm
width, 8 mm length and 1 cm thickness (see Fig. 1b) and avoided
the need for later slicing. The gel was conveniently removable
which avoids the damage prior to further analysis. In the ex-
periment, 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 from the mold and analysed by microscope directly.
Several digital images were taken, and the particle penetration
depth was measured by an image processing software (Image
J, Bethesda, Maryland) using the digital images. Calibration of
these images was conducted using a graticule. The time scale
between MN removal and the observation of holes was approx-
imately 30 s. The experiment of MN insertion was repeated
three times for the gel per concentration to increase the reliabil-
ity 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 ob-
servation of penetration depth was approximately 2 min.

Characterisation of the Micro-Particles

Two supplies of biocompatible stainless steel made of both ir-
regular and spherical micro-particles were chosen for the pur-
pose of this paper. Figure 2a shows a scanning electron mi-
croscopic (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. On the basis of the analysis of a particle size
analyser (Coulter LS130; Beckman Coulter, Inc. Miami Fl), the
particle size distribution was determined which is found to be
in the range of 10–80 :m, whereas the Sauter mean diameter
of the particles is 30 ± 15 :m. The bulk density and porosity
of these micro-particles are 3.35 ± 0.05 g/cm3 and 58.0 ± 0.6%,
respectively. A second supply of micro-particles (Fig. 2b) was
much more spherical with an average sphericity of 0.92 ± 0.05.
Their size distribution range was between 1 and 20 :m and
their Sauter mean diameter was 18 ± 7 :m.
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Figure 3. The image of MN arrays: (a) AdminPatch MN 1200 and (b) in-house fabricated MN array.

Characterisation of the MN

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 the continuity of our work as it is the
same MN array that was used in our previous study.41 The ar-
ray has a total of 31 MNs which are distributed as a diamond
shape on a 1-cm2 circular area. The spaces on the side line and
diagonal lines are 1546, 1643 and 3000 :m (see Fig. 3); the
length, thickness and width of each of the MNs are 1500, 78
and 480 :m, respectively. In addition, AdminPatch MN 1200
was used (see Fig. 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 :m.
The thickness and width of each MN are the same as Admin-
Patch MN 1500 array except the length is 1200 :m. 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 3b shows the in-house fabricated MN array which con-
sist of three 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, that is the
centre-to-centre distance between two MNs, is 500 :m, and the
length and diameter of each MN are 750 and 250 :m, respec-
tively. The main characteristics of the above three MN arrays
are listed in Table 1.

RESULTS AND DISCUSSIONS

Preparation of Skin-Mimicking Agarose Gel

Two porcine skin samples cut from ears were used to study
the dynamic viscoelastic properties, as described in section
Preparation of skin-mimicking agarose gel. The results are pre-
sented in section Dynamic viscoelastic properties of porcine
skin, whereas the dynamic viscoelastic properties of skin-
mimicking agarose gel are presented in section Porcine skin-
mimicking agarose gel in detail. Porcine skin has been used
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Table 1. The Characterisations of the MN Array Used in This Study

Name Parameters Value (:m)

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

previously as a substitute to human skin, as it has similar his-
tological and physiological properties43–45 and is often used in
transdermal drug delivery studies.46 Similarly, agarose gel has
been used to mimic skin tissues in previous studies. For exam-
ple, Koelmans et al.47 have used agarose gel as a skin simulant
to mimic the dermis layer of the skin to study how MNs in-
teract with soft tissue. Arora et al.48 have chosen agarose gel
as a model tissue material to study the penetration of pulsed
micro-jets. Some discussions on the rheology of these materi-
als, which mostly relate to dynamic stress–strain relationship,
can be found in the literature.49–52 We choose to determine the
rheological properties in-house as it provides us the option to
control the conditions under which they are measured.

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 ex-
plains their elastic properties, whereas the loss modulus (G′ ′)
indicates the energy dissipated as heat and characterises the
viscous properties. The temperature on the parallel plate dur-
ing the experiment was controlled at 20◦C to reduce the ther-
mal effects on the results. Figures 4a–4c show the dynamic
viscoelastic properties of two porcine skin samples as a func-
tion of angular frequency. As can be seen, both samples show
that the G′ and G′ ′ increase because of 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 4c shows that the dynamic viscosity (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 repro-
ducible skin properties can be obtained, provide some confi-
dence to characterise the skin using this viscometer. Finally, it
points out that the dynamic viscosity of the porcine skin sam-
ples over a wide range of strain rates remains approximately
constant at about 20 Pa s.

Porcine Skin-Mimicking Agarose Gel

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 are
close to porcine ear skin. As presented in Figures 4a–4c, 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
is significantly different from those of the porcine skin. Figure
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 de-
creasing 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 to 0.0280 g/mL represent good matches in terms
of the loss modulus variations of porcine skin. Figure 4c shows
that the agarose gel has a dynamic viscosity 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 fre-
quency. 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. 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 possi-
ble 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
paper.

MN Insertion

There has been a significant amount of MN insertion research
which has focused on studying skin behaviour after a MN ar-
ray has been applied. The skin reforms after the removal of
the MN because of its inherent viscoelasticity.36,53 Therefore,
the length of the MNs is often longer than the desired depth
in the skin.38,54–56 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 Experimental design). A skin-mimicked agarose gel
(0.0265 g/mL) is chosen to study the effect of the MN insertion
on the lengths of the hole created by them. In addition, differ-
ent concentrations of agarose were used to investigate the MN
array effect on the hole lengths depending on different prop-
erties of the target material. The hole length is of significant
importance in this study as it relates to the particle penetra-
tion depth, as discussed later. In the experiment, agarose gel
is moulded to give a flat surface which is used as an object
of reference for the insertion of MN. Observations of MN in-
sertion 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 re-
moved, indicating that the target material has relatively short
relaxation times for its elastic response.
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Figure 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 and (c) dynamic viscosity against angular frequency.

Figure 5 shows the length of the created holes by different
MNs for various concentrations of agarose in the gels. As ex-
pected, the length of the hole is less than the MN length. This
is because the MNs do not penetrate into the gel fully. In addi-
tion, the results show that the hole length 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 dynamic viscosity, which help
to retain the hole size for longer duration. Figure 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 thick-
ness of the MNs (78 :m) on those AdminPatch designs are
so small that the holes are unable to remain open when vis-
coelastic 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 :m.
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Figure 5. The MN insertion in the various concentration of agarose.

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 :m for skin-mimicked agarose gel (0.0265 g/mL)
for AdminPatch MN 1500 (length = 1500 :m), AdminPatch
MN 1200 (length = 1200 :m) and in-house fabricated needle
(length = 750 :m), respectively. The results indicate that the
holes shrink to about 87% of the original lengths of the MN
after approximately 5 min. In addition, the diameter of the
holes created by the in-house fabricated needle shrink to about
156 ± 12 :m. For AdminPatch MN 1500 and 1200, the widths
of the hole are 302 ± 26 and 292.8 ± 18 :m, respectively. The
holes shrunk to about 62% of the width of the MN. McAllister
et al.36 reported a residual hole radius of 6 :m following the
insertion of MNs with a radius of 10 :m, 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.

Measurements of the Micro-Particle Penetration Depth

A previous study41 has indicated that pellets which are bound
together with 40 mg/mL

Polyvinylpyrrolidone (PVP) concentration provides a good
pellet separation, if a mesh of 178 :m pore size is used. In
continuation of the previous paper, 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 was prepared into 1 cm thick slice
(see section Experimental design) and used for the analyses of
the penetration depth in relation to the mesh pore size, operat-
ing pressure, particle size, MN length and agarose gel concen-
tration (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 oper-
ating 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.

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 through41; consequently, they have more momentum
to breach the target. To determine the significance of this ef-
fect for the particle delivery, two different meshes with pore
size of 178 and 310 :m were applied and their effects on the
micro-particle penetration were studied in this section. Figure
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 :m 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 cen-
tre of the gel, that is, the central impact point of the pellet on
the mesh.

A large number of particles are visible close to the top sur-
face, but the vast majority has penetrated only about 100 :m
into the gel. There are such a large number of particles in this
region close to the surface that individual penetrations are dif-
ficult to distinguish.

However, the top surface of the gel can be defined as shown
in Figure 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 (Image J) to mea-
sure the average maximum penetration depth which is found
to be 210 ± 23 :m 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 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 agglomer-
ates; increased agglomerate sizes would lead to higher particle
momentum and hence greater penetration depths.

Figure 6b shows the micro-particle penetration without MN
application following the separation of the pellet by a mesh of
310 :m pore size at 5 bar driving pressure. As can be seen,
many micro-particles are distributed around the surface of the
gel. Furthermore, larger penetration depths were often found
because of the application of this mesh, because the large
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Figure 6. The effect of the mesh pore size on micro-particle penetration: (a) particles passed through a mesh of 178 :m pore size and
(b) particles passed through a mesh of 310 :m pore size (operating pressure: 5 bar; agarose gel concentration: 0.0265 g/mL).

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 (Fig. 6a) obtained from
the mesh of 178 :m 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 :m mesh pore size may not
be acceptable for the MN-based system for the conditions cho-
sen in these experiments. Zhang et al.41 also point out that the
application of mesh with 178 :m pore size has a higher passage
percentage and a more effective pellet separation. Considering
the passage percentage and pellet separation state, led to the
conclusion that the 178 :m 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.

The 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 ap-
plied to investigate the MN effect on the particle penetration
depth and the combined effect of the operating pressure; parti-
cle size and MN array on the penetration depth are presented in
Figure 7. In this case, spherical stainless steel micro-particle of
18 :m and irregular stainless steel micro-particle of 30 :m are
used to study the particle size effect on the penetration depth.
As expected, the application of a MN array has a very signifi-
cant 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
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Figure 7. The effect of the particle size and operating pressure on the penetration depth. Please note that the 18 and 30-:m particles are the
regular (spherical) and irregular stainless steel micro-particle, respectively (agarose gel concentration: 0.0265 g/mL).

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 penetra-
tion depths present a positive correlation with the operating
pressure. The penetration depth increases gradually with an
increase of the operating pressure because of the increased ve-
locity and momentum of the particles entering the target mate-
rial. In addition, the particle momentum increases because of
the 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 penetra-
tion 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 :m diame-
ter particle. However, it seems that the operating pressure and
particle size are not necessarily the major variables that influ-
ence the particle penetration depths when MNs are applied.
The length of the pierced holes is the primary factor which
maximises the particle penetration depth. As can be seen, the
18-:m diameter particles provide the maximum penetration
depth for 3–5 bar operating pressures. The length of the pierced
hole is 1149 ± 58 :m when AdminPacth MN 1500 is inserted
(section Micro-needle insertion). It helps the particles to enter
into a deeper area at lower pressure. However, there is little dif-
ference 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.

Figure 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 8a
shows the spherical micro-particles penetration in the agarose
gel. As is evident, a large number of micro-particles have en-
tered 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 8b presents the irregular

micro-particles penetration at the same operating condition as
for Figure 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 can be explained as follows.
The thickness of the MN is only 78 :m and the thickness of
the pierced hole is further reduced because of the shrinkage
of the gel. Furthermore, the average diameter of the irregular
particles is about 30 :m and hence it may form larger agglom-
erates, 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 contrary, the
average diameter of the spherical particles is 18 :m which is
significantly smaller than the thickness of the hole. Therefore,
more spherical particles penetrate into the holes.

The Effect of the MN Length on Particle Penetration Depth

In general, the maximum penetration depth is related to the
size of the applied MN because of the effect of the holes cre-
ated. However, as presented in Figure 9, the maximum micro-
particle penetration depths differ significantly between each
MN array at various operation pressures of 3–5 bar. In this case,
spherical stainless steel micro-particle of 18 :m average diam-
eter is used due to its uniform particle size distribution. Fur-
ther, it seems that they can be easily identified inside the gel.
As can be seen, the penetration depths increase with increas-
ing MN length. An increased length of the MN makes longer
holes which provide a positive effect on micro-particle delivery.
Figure 9 also shows that the penetration depth gradual in-
creases 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 the operation
of a significantly lower driving pressure. From these results, the
maximum penetration depth can reach 1273.2 ± 42.3, 1009 ±
49, and 659 ± 85 :m 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 pro-
vides a controllable penetration depth of micro-particles inside
the target using various MN sizes. In practice, it should allow
micro-particles to penetrate into epidermis or further to der-
mis when the pierced holes cross the epidermis layer of skin.
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Figure 8. The micro-particle penetration in the skin-mimicked concentration of agarose based on the application of AdminPatch MN 1500
(a) spherical micro-particle of 18 :m average diameter and (b) irregular micro-particles of 30 :m average diameter (operating pressure: 4.5 bar,
mesh pore size: 178 :m, agarose gel concentration: 0.0265 g/mL).

In addition, the maximum penetration depth increases grad-
ually with the increase in 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.

The Effect of the Agarose Gel Concentration on the Particle
Penetration Depth

Generally, the resistance to the particle penetration into a tar-
get 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 determin-
ing 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
to find out the effect of the target property on the micro-particle
penetration depths.

Figure 10 shows the effect of the agarose gel concentra-
tions on the particle penetration depth. As can be seen, the
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Figure 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).

Figure 10. The effect of the agarose gel concentration on the penetration depth (operating pressure: 4.5 bar; mesh pore size: 178 :m; particle
type: spherical stainless steel micro-particle).

penetration depth decreases from an increase of the agarose
gel concentration without MN. This is because the higher gel
concentration has a greater viscosity which provides more re-
sistance to the micro-particle delivery. However, this does not
happen when a MN is used. As discussed in section Micro-
needle insertion, the lengths of the MN holes increase from an
increase of the gel concentration, because the increased vis-
cosity 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 10 also shows that the experimental error is lower for
higher concentration gel. This is 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
The effect of the MN length on particle penetration depth.

Further Discussions

Overall, three physical cell targeting approaches including pas-
sive diffusion delivery, solid MN-assisted micro-particle deliv-
ery and needle-free biolistic micro-particle delivery can now be
applied as shown in Figure 11. The route of the passive dif-
fusion delivery (Fig. 11a) is that the drugs permeate through
the aperture of the SC and diffuse into the target.57 It is a non-

invasive method, and therefore does not damage the skin. How-
ever, it is limited by the diffusion length of the drug molecules
and is considered as a low-efficiency drug delivery method for
targeting cells.57 Needle-free biolistic micro-particle delivery
(Fig. 11c) is a great improvement for the transdermal gene de-
livery. The principle of this technique is that DNA is loaded
on micro-particles which are accelerated to a sufficient veloc-
ity to pierce into the epidermis layer of the skin to achieve the
DNA transfection. In the last case, DNA-loaded micro-particle
delivery is based on using a micro-needle to overcome the skin
surface which enhance the penetration depth of micro-particles
in the skin as compared with needle-free biolistic micro-particle
delivery.41 As presented in Figure 11b, the micro-particles pene-
trate 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 (see Fig. 11b). It is
more convenient and flexible, compared with needle-free micro-
particle delivery. In addition, the micro-particles are able to de-
liver into the dermis layer of skin to allow deeper tissue to be
transfected, depending on the length of hole created by the MN.

The conditions considered in this paper 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
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Figure 11. A schematic cross-section of the skin: (a) the normally diffusion route, (b) the route of solid MN-assisted micro-particle delivery and
(c) route of needle-free micro-particle delivery.10,40,41

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.41

High speed of large agglomerated particles carry higher mo-
mentum and penetrate further into the target, but they are also
more likely to cause damage to external tissues. Previously, a
number of researchers have shown that cell and tissue dam-
ages are particular problems for the biolistic transfection be-
cause of the impaction of micro-particles.2,34,58–60 In the present
case, a mesh with 310 :m of pore size allows the passage of
larger agglomerate which achieves a greater penetration depth
in the skin-mimicking agarose gel (see Fig. 6a). It does not al-
low the micro-particle delivery because of the damage. However,
O’Brien and Lummis2 have shown that cell damage occurs af-
ter 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 :m yields well-separated particles which then can be dis-
criminated as individual particles at a deeper level of the gel
(see Fig. 6b). It provides better operation because of the block-
age of the largest agglomerated particle, despite the negative
effect on the passage percentage.41

On the basis of the 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 in-
creased velocity implies that the micro-particles have more mo-
mentum to pierce into a deep level of the target. Therefore, the
penetration depth increases with an increase in the operating
pressure. In addition, an increased particle size provides a pos-
itive effect on the penetration depth because of the increased
momentum. In this case, the average penetration depth for the
30-:m diameter stainless steel micro-particles is 168 ± 24 :m
at 5 bar pressure. For the stainless steel micro-particles of 18
:m diameter, it only has a penetration depth of 101 ± 16 :m.
Zhang et al.41 have shown that the micro-particles reach a ve-
locity of 122 m/s at 5 bar pressure using the MN-based system.
Earlier, Mitchell et al.16 have concluded that stainless steel
micro-particles of 25 :m diameter can penetrate 150 :m 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 in this paper.

The penetration route for needle-free biolistic micro-particle
delivery is presented in Figure 11c in detail.

As expected, an application of a MN array provides a positive
effect on the micro-particle penetration depth. 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 in-
creased needle length provides a positive effect on the length of
the pierced holes, which maximise the penetration depth. How-
ever, the maximum penetration depth of the spherical micro-
particles reaches 1272 ± 42, 1009 ± 49, and 656 ± 85 :m
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 ap-
plied operating pressure is lower than other relevant gene gun
system. For example, Quinlan et al.20 have used a conical noz-
zle employed at 60 bar to accelerate polymeric micro-particles.
Mitchell et al.16 have fired stainless steel micro-particle into
canine buccal mucosa at 20 bar pressure using LGG. A lower
operating pressure causes a decreased velocity of micro-particle
which may avoid severe tissue damage. In addition, an in-
creased penetration depth of micro-particle allows deeper tis-
sue 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 Fig. 1a) slows down the velocities of
micro-particles and prevents the pressurised gas to reduce the
impact force on tissue to minimise 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 viscosity and elastic modulus provide
(1) greater resistance to particle motion and (2) affect the re-
laxation 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 paper was to relate the
penetration depth to various parameters. Indeed, the extent of
delivery, that is 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)]. Further-
more, the effect of the operating pressure and/or particle size
on the pore width at the target surface may be an important
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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.

CONCLUSIONS

In this paper, 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 because of its homogeneous
and semi-clear properties which provides an ideal target ma-
terial for measuring the micro-particle penetration depth as a
function of other variables, for example pressure and particle
size. For the purpose of this paper, 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 MN length of the pierced hole in
the target. An increase in the length of the MN or the gel con-
centration 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, op-
erating 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 maximises the penetration depth of the
micro-particles. Finally, different concentrations of agarose gel
were chosen to imitate the conditions of various targets. On the
basis of 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. On the basis of the
target property, a specific length of MN array should be decided
for the micro-particle penetration to a desired depth. 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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