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Abstract

An electrical applicator was designed, which can pierce short microneedles into the skin with a predefined velocity. Three different shapes of
microneedles were used, namely 300 μm assembled hollow metal microneedle arrays, 300 μm solid metal microneedle arrays and 245 μm hollow
silicon microneedle arrays. The latter are available as 4×4, 6×6 and 9×9 arrays.

When using a velocity of 1 or 3 m/s reproducible piercing of dermatomed and full thickness human skin was evident from the appearance of
blue spots on the dermal side of the skin after Trypan Blue treatment and the presence of fluorescently labeled particles in dermatomed skin.
Manual piercing did not result in the appearance of blue spots. Transport studies revealed that i) piercing of microneedles with a predefined
velocity into human skin resulted in a drastic enhancement of the Cascade Blue (CB, Mw 538) transport, ii) A higher piercing velocity resulted in
a higher CB transport rate, iii) The CB transport rate was also dependent on the shape of the microneedles and iv) no difference in transport rate
was observed between 4×4, 6×6 and 9×9 hollow silicon microneedle arrays.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The natural function of the skin is to protect the body against
undesired influences from the environment. However, the skin
barrier function is a major challenge for delivery of drugs via the
skin. The barrier function is located in the outermost layer of the
skin, the stratum corneum (SC), which consists of dead cells
embedded in lipid regions. The SC thickness is only 10–20 µm.

One of the methods to bypass the skin barrier is the use of
microneedle arrays [1,2]. As microneedles are designed to be
painless, ideally they should protrude the SC and reach the
viable epidermis, but not reach the dermis as in this region the
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nerve endings are located [3]. In order to achieve this, micro-
needles should be short and should penetrate the skin in a
reproducible manner. However, in order to achieve this, one
of the major challenges is to overcome the elasticity of the
skin, which counteracts the penetration of short (i.e. less than
300 µm) microneedles into the skin as reported in previous
papers: the skin is folded around the microneedle and piercing
of the skin does not or only partially occur [4–7]. The effect of
the flexibility of skin on the penetration of microneedles is
scarcely addressed in literature. Until now, most publications
concerning microneedles have dealt with the application of
microneedles in vitro using human epidermal sheets or in vivo
in mice or rats [7–10]. Both the epidermal human sheets and the
skin of mice and rats are much thinner than human skin and it is
therefore questionable whether microneedle penetration proper-
ties are similar to that in human skin in vivo.
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Previously, we described the use of assembled hollow metal
microneedle arrays to bypass the barrier function of dermatomed
human skin in vitro. The microneedle arrays were made from
commercially available hypodermic needles, and have micro-
needle lengths of 550, 700 and 900 µm. Pretreatment of human
skinwith these assembled hollowmetal microneedles resulted not
only in the delivery of small compounds, but also large molecules
such as highmolecular weight dextrans. However, in these studies
we were not able to pierce the skin with microneedles of 300 μm
length due to the elasticity of the skin resulting in a folding of the
skin around themicroneedle tip [6]. Recently, this skin folding has
been visualized by Martanto et al. [4].

A means to improve the piercing of skin and create the
possibility to use shorter microneedles and therefore make
piercing more reproducible is the use of an impact insertion
system that pierces the skin with a certain velocity circumvent-
ing the elasticity of the skin. Therefore, in this study we exam-
ined systematically the use of an electrically driven applicator to
pierce human skin with a velocity that can be tailored. The
beneficial effect of the applicator is demonstrated in vitro by the
ability to pierce human skin in vitro by visual inspection using
the Trypan Blue dye and by performing transdermal transport
studies. As the microneedle number and microneedle density in
the arrays might also affect the piercing of the skin, not only the
microneedle length, but also the microneedle number and
density were varied. For the transdermal transport cascade blue
with a molecular weight of 538 Da, cascade blue was used. The
results of the present study show that short (i.e. ≤300 µm)
microneedle arrays are able to pierce dermatomed human skin
in vitro by application with an electrically driven applicator.

2. Materials and methods

2.1. Materials

Cascade Blue (CB, Mw 538) was purchased from Invitrogen
(Breda, The Netherlands). All other chemicals were from
Sigma–Aldrich (Zwijndrecht, The Netherlands). The solid
metal microneedle arrays were kindly provided by Transferium
(Almelo, The Netherlands).

2.2. Microneedle array fabrication

In this study we used three types of microneedle arrays.

1. Assembled hollow metal microneedle arrays were manufac-
tured from commercially available 30G hypodermic needles.
As such, the individual microneedles have a diameter of
about 300 µm and a length tailored to 300 µm. The micro-
needles are hollow [6]. The pitch of the microneedles is
1.25 mm, resulting in a microneedle array with a surface of
16.4 mm2. The tapered shaft length (beveled edge) of
these hypodermic needles is approximately 1.2 mm, which
results in a very sharp tip. The microneedles were fixed in a
polyetherketone mold as described before [6].

2. Solid metal microneedle arrays were assembled from
stainless steel wire with a diameter of 200 µm and a length
of 300 μm. The individual microneedles were cut tangen-
tially to obtain sharp tips. The microneedles were fixed in a
polyetheretherketone mold, similar as the assembled micro-
needle arrays. The pitch between the solid microneedles is
also 1.25 mm. The tapered shaft of the solid needles has a
length of approximately 200 μm (beveled tip with an angle
of 45°), resulting in a less sharp tip than those of the
hypodermic needles.

3. Hollow silicon microneedles with a length of about 245 µm
were fabricated by combining surface micromachining and
silicon etching [11]. The microneedles are 245 μm in length
with a triangular tip shape, a base of 250 μm, and a
maximum hole width of 70 μm. The center of the elliptical
hole in the needle is positioned ca. 40 μm from the tip of the
needle. The microneedles are positioned in a 5 by 5 mm2

area. The microneedle number varied between 4×4, 6×6
and 9×9, which also results in a variation in microneedle
density in the arrays.

In order to compare the microneedles in their ability to pierce
human skin we used the various types of microneedles to
pretreat the skin, after which we immediately applied the
formulation of interest onto the skin surface. This is described in
more details below.

2.3. Design of an electrically driven applicator

An electrically driven applicator with the ability to insert the
microneedles with a high speed was designed. The slender device
is approximately 20 cm long with an approximately 2 cm
diameter at the tip. An array of microneedles is positioned at the
end of the applicator and held in place by ametal holder shaped in
the form of the mold of the microneedle arrays, which is
protected by a Perspex cover. The device contains a coil through
which current can be passed, resulting in a magnetic driving force
allowing a metal rod to be pushed out of the coil, moving the
attached microneedle array. The applied voltage can be varied
between 24 and 60 V, using a custommade power supply varying
the magnetic driving force (and thus insertion speed) accordingly.
We utilized a high speed camera with a known frame rate to
visualize the movement of the microneedle array from which the
speed of the microneedle array could be calculated.

For manual piercing a hand-held applicator was used that has
been described previously [6].

2.4. Preparation of human skin

Abdominal or breast skin was obtained from local hospitals
following cosmetic surgery and was used within 24 h after
surgery. Full thickness skin was prepared by removing residual
subcutaneous fat using a surgical scalpel. The stratum corneum
side was carefully wiped with 70% ethanol and deionised water.

Dermatomed human skin was prepared by fixing full
thickness skin on a styrofoam support and the skin was
dermatomed to a thickness of 300–400 µm using a Padgett
Electro Dermatome Model B (Kansas City, USA) as described
by Nugroho et al. [12]. The skin was stored at −80 °C until use,



Fig. 1. The various microneedle arrays used in this study are i) commercially
available (assembled) hollow metal needles in a 4×4 array (A) and a higher
magnification of a single microneedle (B), solid metal microneedle arrays in a 4×4
array (C) and a higher magnification of a single solidmicroneedle (D), and iii) SEM
images of hollow silicon 4×4microneedle array (E) and a higher magnification (F).
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except for transport and confocal studies where only fresh
human skin was used.

2.5. Piercing of human skin and visual inspection in vitro

Full thickness skin or dermatomed human skin was stretched
on parafilm to counteract the elasticity of the skin. Subse-
quently, the skin was supported by styrofoam to protect the
microneedles from damage and pierced using the electrically
driven applicator. Then the skin was immediately used either for
the visualization studies or for the diffusion studies. Visualiza-
tion studies were performed macro- and microscopically after
the skin had been pierced with the applicator using either a
velocity of 3 m/s or by manual piercing of the skin. To evaluate
the uniformity of piercing, the SC-side of the pierced skin was
covered with 0.4% Trypan Blue dye in phosphate buffer saline
(PBS: NaCl: 8 g/l, KCl: 0.4 g/l, KH2PO4: 0.4 g/l, Na2HPO4:
2.86 g/l) for 1 h. Full thickness skin was first dermatomed to a
thickness of 300–400 µm before application of the Trypan Blue
dye. The excess dye was then removed and the skin or epider-
mal sheet was evaluated for the appearance of blue dots on the
dermal side of the skin or epidermal sheets.

2.6. Confocal studies

To visualize the conduits in dermatomed human skin, we
applied polystyrene nanoparticles (FluoSpheres® carboxylate-
modified nanoparticles, Invitrogen, Breda, The Netherlands)
containing fluorescein 5-isothiocyanate with a size of 200 nm to
human skin pretreated with the solid metal microneedle arrays
using the electrical applicator. Piercing velocity was 1 or 3 m/s.
After piercing the skin was placed in a Franz diffusion cell and
200 μL of a particle solution was applied for 1 h. Afterwards the
excess formulation was removed from the skin surface and the
skin was washed three times with phosphate buffer with a cotton
swab. The skin was mounted on a sample holder and visualized
with a confocal laser scanning microscope. Images were pro-
cessed using a Bio-Rad Radiance 2100 confocal laser scanning
system equipped with a Nikon Eclipse TE2000-U inverted
microscope and a 20X S Fluor (NA 1.30; Nikon, Japan) air
objective. The images were captured using argon laser at 488 nm
wavelength, with a 515/30 nm emission filter. Image acquisition
was controlled using the Laser Sharp 2000 software (Bio-Rad,
Hercules, USA).

2.7. Diffusion studies

In vitro transport studies were performed in order to examine
the effect of microneedle pretreatment on the permeation of CB
across dermatomed human skin. CB was selected as this dye
was also used in our previous studies [6], in which we compared
the efficiency of piercing for trandermal delivery of substances
varying over a wide range of molecular weights. Transport
studies were performed after the following pretreatments:

a. Variation in microneedle arrays: 4×4 solid metal micro-
needle arrays, 4×4 assembled hollow metal microneedle
arrays or 4×4 hollow silicon microneedle arrays. The
microneedles were pierced into the skin with a velocity of
3 m/s.

b. Variation in velocity of the microneedles when piercing the
skin. Manual application, 1 m/s velocity and 3 m/s velocity
of the microneedles when piercing the skin was compared.

c. Variation in microneedle density and number: a comparison
between 4×4, 6×6 and 9×9 hollow silicon microneedles.

d. Stripped dermatomed skin: Dermatomed human skin was
clamped between two circular plates fixed together with 4
screws. In the central part of upper plate, facing the stratum
corneum side of the skin, a circular holewith a diameter of 1 cm
wasmade to perform tape-stripping. Tape-strippingwas carried
out using an adhesive tape (Scotch® Magic™ Tape 810, 3 M
France), which was pressed onto the skin for 5 s. Tape-strips
were then rapidly pulled off with 1 fluent stroke. The direction
of tape-stripping was alternated. Tape-stripping was continued
until the viable epidermis was reached.

In vitro transport studies were performed as described by
Grams and Bouwstra [13] using continuous flow-through
diffusion cells (PermeGear, Inc., Bethlehem, USA). The dif-
fusion area was 1.16 cm2. After pretreatment with microneedle
arrays, dermatomed human skin or stripped dermatomed human
skin was placed between the donor compartment and receptor
compartment with the SC side facing the donor compartment. A
disk of wire gauze (Ø 18 mm) was used to support the derma-
tomed human skin. The acceptor phase was PBS (NaCl: 8 g/l,



Fig. 2. The velocity of the microneedles using the electrically driven applicator:
The velocity is linearly related to the applied voltage.
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KCl: 0.4 g/l, KH2PO4: 0.4 g/l, Na2HPO4: 2.86 g/l) and was kept
at 37 °C resulting in a skin surface temperature of approximately
32 °C in the diffusion cell. The donor solutions contained 0.2 mM
cascade blue in PBS. The volume applied was 1 ml. The flow
rate of the PBS in the acceptor chamber was maintained at
approximately 1 ml/h by a peristaltic pump (Ismatec SA,
Glattbrugg, Switzerland). The donor compartment was covered
with 3 M scotch tape to establish occlusive conditions. Hourly
fractions of the acceptor phase were collected over a period of
20 h and analyzed by HPLC.

2.8. Analysis by HPLC

The concentration of CB was determined by injecting 10 µl
of sample on a Waters HPLC system consisting of a Waters 600
controller coupled to a Waters 717 plus auto sampler and a
Waters 474 Scanning Fluorescence Detector (Waters Chroma-
tography B.V., Etten-Leur, The Netherlands) and a column
Inertsil, 5 µm, ODS-3, 250 mm×3 mm (Varian B.V.,
Middelburg, The Netherlands). Excitation and emission wave-
lengths of 401 and 431 nm were used. PBS was used as the
mobile phase at a flow rate of 1 ml/min.
Fig. 3. Piercing of assembled 4×4 hollow metal microneedle arrays, 4×4 solid meta
across dermatomed human skin when applied with a velocity of 1 m/s, 3 m/s or ma
3. Results

3.1. Microneedles

Assembled hollow metal microneedle arrays prepared from
30G needles having a length of 300 μm are depicted in Fig. 1A
and B. The solid metal microneedle arrays (300 μm in length) are
shown in Fig. 1C and D. Fig. 1E and F shows a scanning electron
microscopy image of a hollow silicon microneedle array with a
triangular tip shape base of 270 µm and a maximal hole width of
70 µm. The length of a single microneedle is 245 µm.

3.2. Applicator design: speed variation

The speed with which the microneedles can be moved by the
applicator was measured using a high speed camera with a known
frame rate to visualize the movement of the microneedle array
from which the speed of the microneedle array could be
calculated. Fig. 2 shows that the speed can be varied linearly
from about 1 to 3 m/s corresponding to 24 V to 60V, respectively.

3.3. In vitro evaluation of piercing human skin

Dermatomed skin: To study piercing, microneedles were
applied to the SC side of dermatomed skin using the electrically
driven applicator. The microneedles were pierced into the skin
with a velocity of 3 m/s or 1 m/s or manually with the previously
described hand-held applicator [6]. Using the manual and the
electrical applicator, the angle between microneedle core and
the skin was 90°. Then Trypan Blue dye formulation was spread
over the pierced site. The presence of conduits in the skin
was visualized by the appearance of blue dots at the dermal side.
Fig. 3 shows that for all types of microneedle arrays, blue
dots are formed when they are applied with the electrically
driven applicator. Furthermore, not only 4×4, but also 6×6 and
9×9 hollow silicon microneedle arrays were able to pierce
dermatomed human skin. Only a few blue spots appeared when
l microneedle arrays and 4×4, 6×6 and 9×9 hollow silicon microneedle arrays
nually. Piercing was visualized with the Trypan blue assay.



Fig. 4. Piercing of assembled 4×4 hollow metal microneedle arrays, 4×4 solid metal microneedle arrays and 4×4, 6×6 and 9×9 hollow silicon microneedle arrays
across full thickness human skin when applied with a velocity of 1 m/s, 3 m/s or manually. Piercing was visualized with the Trypan blue assay.
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dermatomed human skin was pierced manually with the same
microneedle arrays. These results demonstrate that the elec-
trically driven applicator has superior piercing properties com-
pared to the manual applicator.

Full thickness human skin: To study the effect of skin
thickness on the piercing into the skin, we performed a similar
experiment using full thickness human skin. Fig. 4 shows
piercing of the skin with the short microneedles, similarly to
dermatomed human skin, which again indicates that the elec-
Fig. 5. Visualisation of the transport of 200 nm FITC-nanoparticles into human
skin after microneedle array pretreatment. (A) x,y image (parallel to skin
surface) showing localization of the nanoparticles in a conduit at a depth of
20 μm. Keratinocytes are also visible indicating the presence of viable epidermis
at this depth. (B) x,z image (perpendicular to skin surface) shows penetration of
the nanoparticles up to 250 μm into the skin. The conduit is indicated by an
arrow. In Fig. 5B the irregular shape of the skin surface is due to the wrinkles in
the skin.
trically driven applicator is able to overcome the flexibility of
the skin and has superior piercing properties compared to the
manual applicator.

3.4. Confocal studies

After microneedle pretreatment conduits are present in the
skin. Fluorescent nanoparticles with a size of 200 nmwere able to
enter these conduits. Fig. 5 shows that nanoparticles are present in
the conduits. Also some fluorescence from the wrinkles can be
observed. The conduits are moon-shaped and have a depth of
approximately 250 μm (Fig. 5B). No difference in penetration
depth of the nanoparticles was observed between piercing the
microneedles with a velocity of 1 and 3 m/s (not shown).

3.5. Transport studies using the electrically driven applicator

Transport studies were performed in order to study the effect
of i) piercing velocity of the microneedles into the skin, ii) the
microneedle shape and iii) the number of microneedles in the
array. As model compound CB with a molecular weight of 538
was used.

Piercing velocity of the microneedles: The transport of CB
was determined after pretreatment of dermatomed human skin
with assembled hollow metal microneedle arrays, solid metal
microneedle arrays and hollow silicon microneedle arrays,
which were inserted into the skin with two different insertion
velocities (1 and 3 m/s). Insertion of microneedles using the
manual applicator was performed as a comparison. For all
situations, the control skin (i.e. no microneedle array pretreat-
ment) resulted in non-detectable fluxes as shown in Fig. 6.
Manual pretreatment with microneedle arrays resulted in a
slight but significant increase in the flux of CB, indicating that
some of the short microneedles protruded the dermatomed
human skin when applied manually. However, very interest-
ingly, for all microneedle arrays, pretreatment with microneedle
arrays applied by the electrically driven applicator resulted in a



Fig. 6. Transport of CB after pretreatment of dermatomed human skin with 4×4 solid metal microneedle arrays (A), 4×4 assembled hollow metal microneedle arrays
(B) and 4×4 silicon hollow microneedle arrays (C) pierced through the skin with a velocity of 3 m/s, 1 m/s or manually. Data are presented as averages±SEM, Each
curve is at least 6 replicas of at least three donors.
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drastic increase in transport of the compound across derma-
tomed human skin. The obtained CB fluxes (see Table 1) were
higher after insertion with a velocity at 3 m/s compared to an
insertion velocity of 1 m/s. The difference, however, was less
pronounced for the hollow silicon microneedles compared to
the assembled hollow metal microneedle arrays and the solid
metal microneedle arrays. As far as the shape of the flux curves
is concerned after an initial period of 2–4 h there is still a
gradual increase in transport, except for the pretreatment of the
solid metal microneedles inserted at 3 m/s, where the transport
rate was slightly reduced after 12 h (see Fig. 6).

Type of microneedle array: When comparing the 4×4
assembled hollow metal microneedle arrays, the 4×4 solid
metal microneedle arrays and the 4×4 hollow silicon micro-
needle arrays, it is clearly demonstrated that besides the
Table 1
CB mean fluxes±s.e.m. between 11 and 20 h expressed in pmol/cm2/h

Microneedle arrays Velocity (m/s) Mean flux±s.e.m.

4×4 Solid metal M⁎ 6±3
4×4 Solid metal 1 44±17
4×4 Solid metal 3 70±21
4×4 assembled hollow metal M⁎ 9±4
4×4 assembled hollow metal 1 30±6
4×4 assembled hollow metal 3 55±11
4×4 hollow silicon M⁎ 4±2
4×4 hollow silicon 1 41±8
4×4 hollow silicon 3 54±16
6×6 hollow silicon 3 48±12
9×9 hollow silicon 3 68±26
Untreated skin 0.4±0.2

⁎M= manually piercing.

Fig. 7. Transport of CB after pretreatment of dermatomed human skin with
(A) 6×6 or 9×9 hollow silicon microneedle arrays. (B) 4×4 silicon microneedle
arrays and control (no piercing). The piercing velocity is 3 m/s. Data are
presented as averages±SEM, Each curve is at least 6 replicas of at least three
donors.



Fig. 8. Transport of CB after pretreatment of dermatomed human skin after
removing the stratum corneum by stripping. Data are presented as averages±SEM,
The experimental data are based on 4 replicas of two donors.
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insertion speed, the shape of the arrays also determines the CB
transport rate across the dermatomed human skin. The solid
metal microneedle arrays resulted in much higher fluxes than
the assembled and the hollow silicon microneedle arrays, see
Fig. 6.

Microneedle array density and stripped dermatomed human
skin: The effect of microneedle density and number of
microneedles on the transport of CB was also studied and
compared to stripped dermatomed skin. In our transport studies
we used 4×4, 6×6 and 9×9 hollow silicon microneedle
arrays. The fluxes of the 4×4, 6×6 and 9×9 hollow silicon
microneedle arrays were all significantly increased compared
to the untreated situation when the microneedle arrays were
applied with the electrical applicator (Fig. 7). There was no
statistically significant difference, however, between the 4×4,
6×6 and 9×9 hollow silicon microneedles, although pretreat-
ment with the 9×9 microneedle arrays results in the highest CB
fluxes. Hence, the increase in number of microneedles and
microneedle density in the arrays did not result in a significantly
increase in the CB transport rate across the skin. To determine
the maximum CB transport the flux across stripped dermatomed
human skin was also examined. The results are provided in
Fig. 8. The stripped dermatomed skin resulted in very high
fluxes of CB.

4. Discussion

In this study, we showed that the use of an impact insertion
system greatly facilitates the insertion of microneedle arrays
with short length (i.e. ≤300 µm) into dermatomed human and
full thickness human skin in vitro.

Microfabrication techniques for the production of silicon,
metal, glass and polymer microneedle arrays with micrometer
dimensions have been described. Production of microneedles
often is highly specialized and includes complex multi-step
processes [14–18]. Very recently several studies were reported
in which coated microneedles were designed [19–21]. In the
present study we used 4×4 microneedle arrays from commer-
cially available 30G hypodermic needles or stainless steel wire
and compared the effect on transport studies with silicon arrays
fabricated by micromachining combined with etching techni-
ques. Fabrication of microneedles prepared from stainless steel
wire can also be modified for mass production and is therefore
important to investigate. Furthermore, very recently, in an in
vivo study solid and assembled microneedle arrays have been
investigated for pain sensation and skin irritation in humans.
Skin irritation as well as pain sensation appeared to be minimal
[22], which makes them even more suitable for percutaneous
administration of drug or vaccine. The 30G hypodermic needles
and the solid metal microneedles are fixed on a backplate
forming arrays having a needle length of 300 µm. While the
30G hypodermic needles are very sharp with a long shaft of
approximately 1.2 mm, the length of the shaft of the solid metal
microneedles is around 280 μm. The tip shape of the latter is
triangular with an angle of approximately 45°. The hollow
silicon microneedles arrays have also a triangular tip and varied
in microneedle density. For this study we had available 4×4,
6×6 and 9×9 hollow silicon microneedle arrays as described by
Gardeniers et al. [11], fabricated on a 5 mm×5 mm surface area.
Therefore the 9×9 microneedle density is much higher than the
4×4 microneedle density.

In a recent paper we showed that using a manual application,
piercing of microneedles with a length of 300 μm was not
successful, while piercing was possible with microneedle
lengths of 550 μm and longer [6]. This was observed both, in
vitro using dermatomed human skin and in vivo in humans.
Therefore, for piercing properties of microneedles dermatomed
human skin acts as an acceptable model for in vivo studies in
humans. As the needle length required for piercing is much
longer than the thickness of the stratum corneum, it was
postulated that the elasticity of the skin counteracted the
penetration of microneedles into the skin when they were
inserted slowly into the skin. The effect of the elasticity of the
skin on the piercing ability of microneedles has also elegantly
been demonstrated by Martanto et al. [4]. As there is an inter
individual and intra individual variation of the elasticity of the
skin, in which for example age and skin region play an
important role, the effect of the elasticity of the skin makes
piercing less reproducible. For this reason we decided to design
a novel applicator, which allows the insertion of microneedles
into the skin with a fixed predetermined velocity. As is very
clear from Figs. 3 and 4, using a velocity of only 3 m/s,
microneedles with a length of 245 μm or 300 μm were inserted
into the skin in a very reproducible manner, which contrasted
the results with the manual applicator. Therefore, not only
microneedle length, but also the speed of insertion drastically
affects piercing properties of the microneedle arrays. In these
piercing studies we did not observe any difference in piercing
ability between the differently shaped microneedles. In other
words, piercing of the 30G hypodermic needles with a very
sharp tip was very similar to that of the silicon and solid
microneedles with a less sharp tip. Using a velocity of 1 m/s and
3 m/s piercing of microneedles occurred as also demonstrated
by the confocal studies. Furthermore, not only the 4×4, but also
the 6×6 and 9×9 microneedle arrays with a needle length of
only 245 μmwere able to pierce the skin. This is of interest, as a
higher microneedle density might counteract the piercing ability
due to different pressures at the tip of the microneedles,
resulting in difference in piercing properties (i.e. bed of nails
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effect). From these piercing studies the beneficial effects of the
electric applicator is already obvious. In a previous study,
hollow silicon microneedles were also used successfully in
piercing the skin. However, in that report no experimental
details are provided about the piercing studies and the use of an
applicator [11]. In our studies taking into account that the total
weight of the moving part of applicator and the microneedle
arrays is 0.0115 kg, the obtained kinetic energy when reaching
the skin with a velocity of 1 or 3 m/s is 0.0058 J and 0.052 J,
respectively. These kinetic energies are by far sufficient to
pierce the skin assuming a flat tip size (solid metal
microneedles) of approximately 600 μm2 and the puncture
toughness of around 30 kJ/cm2 as published previously [23,24].
This is in agreement with the piercing studies.

In order to study the effect of microneedle insertion velocity
on the piercing ability in more detail transport studies were
performed using the model drug CB. Two insertion velocities
were used to pretreat dermatomed human skin, namely 1 and
3 m/s. From these studies it is obvious that a higher insertion
velocity results in a higher transport rate. This is observed for
the three types of microneedle arrays used in this study.
Furthermore, even an insertion velocity of only 1 m/s already
resulted in a drastic increase in the transport rate compared to
the manual application. When comparing the effect of the
different microneedle arrays on the transport rate of CB, it is
clear that the solid metal microneedle array pretreatment results
in significant higher fluxes than the assembled and hollow
silicon microneedle array pretreatment. This shows that in
addition to the insertion velocity, indeed, the shape of the
microneedles also affects the transport across the skin. One can
speculate that in case of the solid metal microneedle arrays, due
to the less sharp tip, the protrusions in the skin are somewhat
larger than in case of the assembled hollow metal microneedle
arrays, which might result in higher transport rates. Further-
more, the solid microneedle arrays are somewhat longer than
the silicon microneedles, which might also be an advantage for
increasing the transport across the skin. In additional studies
the microneedle density on the transport rate was evaluated.
These studies revealed no significant difference in flux between
4×4, 6×6 and 9×9 silicon microneedle arrays. The silicon
microneedles used in this study have fixed array areas.
Therefore, differences in needle density may cause differences
in piercing properties as explained above and therefore the
higher density microneedles may leed to a less deep piercing
into the skin. Since the microneedles are also tapered, the
resulting diameter of the conduit in the skin may be less when
using the 9×9 microneedle arrays then using the 4×4
microneedle arrays. Another explanation may be that the
number of microneedles used in this study is already too large
to observe difference in steady state fluxes as proposed by Wu
et al. [25] and recently also by Davis et al. [23]. Wu et al. [25]
showed that beyond a certain number of microneedles there is
only little increase in flux, as the relative reduction in skin
resistance for diffusing molecules after each additional micro-
needle piercing is decreased. This might also explain why the
transport across stripped skin is only a factor 6–7 higher (see
Fig. 8) compared to that across solid microneedle pretreated
skin, while the area of stratum corneum “removal” after mi-
croneedle treatment is only 0.45% of that of the stripped skin.

5. Conclusion

As evident from the visual inspection of pierced skin,
appearance of blue spots after Trypan Blue application and
passive transport studies, the formation of conduits by short
microneedle arrays (i.e.≤300) is dramatically improved in vitro
by insertion using an impact insertion system. This system is
able to insert the short microneedles with an insertion velocity
of 1 and 3 m/s into dermatomed and full thickness human skin.
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