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ABSTRACT

This study focused on the in vitro evaluation of skin perforation using a new microneedle
device (Dermaroller®) with different needle lengths (150, 500 and 1500 pm). The influence of
the microneedle treatment on the morphology of the skin surface (studied by light and scan-
ning electron microscopy), on the transepidermal water loss (TEWL) and on the penetration
and permeation of hydrophilic model drugs was investigated using excised human full-
thickness skin. Furthermore, invasomes — highly flexible phospholipid vesicles containing
terpenes and ethanol as penetration enhancer — were compared with an aqueous solution.

Elevated TEWL values were measured after Dermaroller® treatment compared to
untreated human skin with a gradual increase of the TEWL over the first hour whereas
afterwards the TEWL values decreased probably caused by a reduction of the pore size
with time. Skin perforation with the Dermarollers® enhanced drug penetration and per-
meation for both formulations tested. Invasomes were more effective to deliver hydrophilic
compounds into and through the skin compared to the aqueous drug solutions and the
combination with skin perforation further enhanced drug penetration and permeation.

In conclusion, Dermarollers® being already commercially available for cosmetic purposes
appear also promising for drug delivery purposes particularly those with medium (500 pm)
and shorter (150 pm) needle lengths.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

degradation in the gastrointestinal tract and/or the first pass
effect after oral administration (Purdon et al., 2004) as well

(Trans)dermal drug delivery is an alternative pathway for
achieving localized or even systemic pharmacological effects.
Until now, transdermal drug delivery is possible for very few
drugs, all of them having low molecular weights and high
to moderate lipophilicities (Schaefer and Redelmeier, 1996).
Transdermal drug delivery has impressive benefits includ-
ing the avoidance of poor drug absorption or enzymatic
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as avoidance of pain during intravenous or intramuscular
injection. The challenge of transdermal drug delivery is, how-
ever, the delivery of a sufficient dose of the drugs through
the skin due to the efficient barrier properties of the stra-
tum corneum (SC), the outermost layer of skin, which acts
as impermeable barrier to hydrophilic or high molecular
weight drugs. Such molecules can only be delivered into or
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through the skin if the barrier function of the SC is reduced
or disrupted (Gill and Prausnitz, 2007). In order to overcome
the barrier properties of the SC, different approaches have
been studied, chemical penetration enhancement being most
widely used (Barry, 1987; Alberti et al., 2001; Williams and
Barry, 2004). Penetration enhancement by physical methods
includes, e.g., iontophoresis (Kalia et al., 2004), electropora-
tion (Sen et al., 2002; Denet et al.,, 2004) and sonophoresis
(Merino et al., 2003; Mitragotri and Kost, 2004). A further alter-
native presents the perforation of the SC with microneedles
(Prausnitz, 2004; Kim and Lee, 2007). Microneedles disrupt
the SC barrier of the skin and create pores resulting in an
increased penetration (Prausnitz, 2004). As compared to sub-
cutaneous injection, the application of microneedles allows
a painless skin perforation and provides convenient deliv-
ery of therapeutic molecules into the skin (Kaushik et al.,
2001). Microneedles can increase skin permeability for many
compounds, ranging in size from small molecules over pro-
teins up to drug-loaded nanoparticles that normally do not
penetrate the SC (McAllister et al., 2003). In recent years
microneedles have been intensively studied to improve skin
permeability for molecules like calcein (Henry et al., 1998),
diclofenac (Gardeniers et al., 2003), desmopressin (Cormier
et al.,, 2004), and gene therapy vectors (Chabri et al., 2004;
Pearton et al., 2008). Since the first production of micronee-
dles by Henry et al. (1998), there has been a fast progress in
the development of microperforation techniques (Prausnitz,
2004) allowing the production of hallow to compact micronee-
dles made from different materials including glass (Martanto
et al., 2006), silicon (Wilke and Morrissey, 2007), polymers
(Park et al.,, 2005, 2007) and metal (Kim and Lee, 2007).
The microneedles used in the present study are commer-
cially available (Dermarollers®) for mainly cosmetic purposes.
The needles of the Dermarollers® are made from stainless
steel providing advantageous properties like mechanically
strength and non-toxicity (Disegi and Eschbach, 2000). In
a first evaluation of the application of Dermarollers® with
respect to drug delivery, a distinctly increased deposition of a
lipophilic fluorescence dye formulated in liposomes in deeper
skin was found after Dermaroller® treatment (Verma, 2002).
Dermarollers® with a needle length of 500 pm were recently
also used for optical skin clearing purposes using glycerol
(Yoon et al., 2008).

In the present study, Dermarollers® with different needle
lengths were studied with respect to the efficiency of skin
perforation and the penetration enhancement of hydrophilic
model drugs with special focus to the quantification of the
drug amount delivered to different skin layers. Additionally,
the potential of the combination of skin perforation with the
application of a colloidal drug carrier system (invasomes) was
evaluated. Invasomes are highly flexible vesicles containing
ethanol and terpenes as penetration enhancer in addition to
phospholipids (Verma, 2002; Verma and Fahr, 2004; Dragicevic-
Curic et al.,, 2008). The combination of skin perforation by
microneedles with the application of invasomes may fur-
ther facilitate the penetration of the vesicles deeper into the
skin. The experiments focused on the influence of the treat-
ment on the morphology of the skin surface as studied by
light and scanning electron microscopy, on the transepidermal
water loss (TEWL) and on the penetration and permeation of

hydrophilic model drugs (carboxyfluorescein and radiolabeled
mannitol) depending on the formulation.

2. Materials and methods
2.1. Materials

Purified soybean phosphatidylcholine (SPC) dissolved in
ethanol (NAT 8539, SPC:ethanol 75:25, w/w) was pur-
chased from Phospholipid GmbH (Cologne, Germany). D-
Limonene, citral and 1,8-cineole were purchased from
Sigma-Aldrich (Taufkirchen, Germany) and carboxyfluores-
cein (CF) from Fluka (Buchs, Switzerland). Radiolabeled
mannitol (in ethanol/water 9:3, 37 MBg/ml) was obtained from
PerkinElmer (Boston, USA).

Phosphate buffered saline pH 7.4 was composed of
136.89 mM NaCl, 2.68 mM KCl, 1.47 mM KH,PO, and 8.20 mM
NayHPO4-2H,0 (all from Merck, Darmstadt, Germany). Tris
buffer 10mM pH 7.4 was prepared from Trizma® pre-set crys-
tals pH 7.4 (Sigma, St. Louis, MO, USA). The pH of the buffer
solutions were adjusted to pH 7.4 with NaOH or HC], if neces-
sary. Purified water was prepared by successive filtration (pore
size 10, 5 and 1um, Voigt, Wernau, Germany), deionization
(Lewatit, Beyer, Leverkusen, Germany) and reverse osmosis
(Milli-RX-20, Millipore, Eschborn, Germany) using an in-house
water purification system. For analytics, purified water from a
conventional water purification system (Millipore Direct-Q™,
Millipore, Eschborn, Germany) was used. All other chemicals
used in this study were of analytical grade.

The Dermarollers® were kindly provided by H. Liebl (Der-
maroller S.a.r.l,, Friesenheim, France). Three different models
of Dermarollers® were used: C8 - needle lengths 150 um, CIT
8 — needle lengths 500 pm and MF 8 - needle lengths 1500 pm.
All types of Dermaroller® possess 24 circular arrays of 8 nee-
dles each (total 192 needles) in a cylindrical assembly (with
2cm diameter and 2 cm length of the cylinder). A schematic
presentation of a Dermaroller® is shown in Fig. 1.

2.2.  Preparation of invasomes

The invasomes were composed of 1 % (w/v) terpene mix-
ture (cineole:citral:p-limonene 45:45:10, v/v) as penetration
enhancer (PE), 13.3% (w/v) ethanolic phospholipid solution
(corresponding to 10% SPC) and the hydrophilic model drugs
dissolved in PBS or Tris buffer (37 kBg/ml radiolabeled manni-
tol in PBS and 20 mM carboxyfluorescein in Tris buffer).

The terpene mixture was added to the ethanolic phospho-
lipid solution and the mixture was vortexed for 5min at room
temperature until a clear solution was obtained. The aque-
ous phase (PBS or Tris buffer containing radiolabeled mannitol
or CF, respectively) was slowly added to this solution using a
syringe under constant vortexing (Batzri and Korn, 1973). The
vortexing was continued for additional 5min to obtain large
multilamellar vesicles (MLV). Care was taken to prevent evap-
oration of terpenes and ethanol. Mainly unilamellar vesicles
(invasomes) with a size of about 100 nm were then prepared
by extrusion through polycarbonate membranes with differ-
ent pore sizes (400, 200, 100 and 50 nm, Armatis, Mannheim,
Germany) with the help of a Liposofast-Miniextruder (Avestin,
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CIT 8: 500 pm

Cylinder with
microneedles

B) Skin sample
(top view)

MF 8: 1500 pm

Fig. 1 - Schematic presentation of a Dermaroller® (A), of skin perforation (B) and stereo microscopic images (Leica MZ 8,
Switzerland) of the needles of the different models of Dermarollers® used in this study (C). Bars represent 500 pum.

Ottawa, Canada, MacDonald et al., 1991). The invasomes were
extruded through polycarbonate membrane with decreasing
pore sizes from 400 to 50nm 21 times for each membrane at
room temperature.

Radiolabeled mannitol was incorporated into the inva-
somes in trace amounts (1pul drug stock solution per 1ml
formulation, 37kBg/ml). The stock solution of radiolabeled
mannitol was pipetted into a Falcon tube and the solvent was
allowed to evaporate. The drug was then dissolved in PBS pH
7.4. CF loaded invasomes were prepared using Tris buffer con-
taining 20mM CF and these solutions were also used in the
penetration experiments for comparison. Allinvasome formu-
lations were stored at 4°C under light protection.

2.3. Particle size measurements

2.3.1. Photon correlation spectroscopy (PCS)

Dynamic light scattering was measured at 25°C with a Zeta-
sizer Nano (Malvern Instrument, Malvern, UK) or a Zeta plus
instrument (Brookhaven Instruments, Brookhaven, USA). The
samples were analyzed 24h after preparation and after 1
month of storage. The invasomes were appropriately diluted
with purified and filtered (0.2 pm pore size, Sterifix, B. Braun
Melsungen, Melsungen, Germany) water prior to the measure-
ments. The particle size values given are the averages of four
measurements over 5 min each and are expressed as z-average
and polydispersity index (PDI) determined by the cumulant
analysis.

2.3.2. Laser diffraction with PIDS (LD-PIDS)

The particle size of the MLV was measured with a Coulter LS
230 (Beckman Coulter, Krefeld, Germany) combining the infor-
mation from laser light diffraction and polarization intensity

differential scattering (PIDS). This method gives information
on the particle size in the nanometer as well as in the microm-
eter range from about 40 nm up to 2000 pm (Xu, 1997). Volume
distributions were calculated with the Coulter LS software
using the Mie theory assuming a spherical particle shape and
refractive indices of 1.45 and 1.33 for the vesicles and the
dispersant, respectively. The values given are the averages of
eight measurements over 90s each.

2.4.  Preparation of the skin samples

Human abdominal skin obtained after plastic surgery (Dr. L.
Gruhl, Kassel, Germany) was used. The experimental proto-
col was approved by the ethical medical committee in Jena.
The subcutaneous fat tissue was carefully removed from the
skin using a scalpel and surgical scissors. After the fat tissue
was completely removed, the surface of the skin was cleaned
with the PBS solution and the skin was then allowed to dry at
ambient air conditions for about 20 min. Care was taken to pre-
vent any contamination of the skin surface with subcutaneous
lipids. Afterwards the skin was wrapped into aluminum foil
and stored at —26 °C until use. Under these conditions the skin
is stable with regard to its barrier properties up to 6 months
(Harrison et al., 1984; Bronaugh et al., 1986). Prior to the exper-
iments, the skin samples were taken from the freezer and let
thaw at room temperature for about 30 min. After thawing, the
skin surface was carefully wiped with cotton wool balls wetted
with PBS buffer.

For the SEM studies, the epidermis was isolated by heat
separation (Kligman and Christopheres, 1963). In brief, the
full-thickness skin was heated in purified water at 60°C for
2min and the epidermis was then carefully peeled off from
the underlying dermis using blunt forceps.
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Fig. 2 - Light microscopic images of human skin treated with Dermarollers® with 50-fold (A) and 100-fold (B) magnification.

2.5.  Skin perforation by Dermarollers®

Skin disks with appropriate diameters of 36 mm were punched
out and placed onto filter paper soaked with PBS and sup-
ported by cork plates. As separated full-thickness skin has a
strong tendency to shrink, the skin samples were stretched to
about its original size and fixed with needles. Care was taken
to avoid an overstretching in any direction and the skin was
checked for normal surface texture by light microscopy (Leica
DMRXE, Germany, Fig. 2).

The Dermarollers® differing in their needle lengths were
rolled each three times in four directions (Fig. 1) over the
skin surface. The microneedles were periodically checked for
potential damages of the needles under a stereo microscope
(Olympus SZ11).

2.6.  Light microscopy
For visualization of the pores after the Dermaroller® treat-
ment, skin samples were investigated by light microscopy
(Leica DMRXE, Germany) in reflected light mode with dif-
ferent magnifications before and after application of the
Dermarollers®. The width and length of at least five pores
per skin sample was measured by the Lince analysis software
version 2.31 (TU Darmstadt, Germany) and the pore size is
expressed as the average of width and length of the pores.
The potential influence of epidermis separation as well as
perforation of the epidermis instead of the full-thickness skin
was investigated using the Dermaroller® with the longest nee-
dles (1500 um). Separated epidermis and three full-thickness
skin samples were perforated as described above and the pore
sizes were determined immediately after perforation. The
epidermis was then separated from perforated skin samples
directly after perforation as well as after about 2 h and the pore
sizes were evaluated in comparison to those of full-thickness
skin again.

2.7.  Scanning electron microscopy (SEM)
The epidermal membranes were placed onto filter paper
soaked with PBS and supported by cork plates and fixed
with needles. The epidermal membranes were then per-
forated similarly with the Dermarollers® as described for
the full-thickness human skin. Subsequently, the epidermal
membranes were fixed in formaldehyde for 10 min and dehy-
drated by immersion of the epidermis into alcoholic solutions
with increasing ethanol content for each 30 min (50, 70, 96, and
100 %, v/v). After dehydration, the membranes were mounted
onto a metal stub with a carbon tape. The samples were
coated with a gold layer (thickness around 10 nm) with a
sputter coater (Edward, S150B, England) and investigated by
SEM (Leica S440i, Germany) using different magnifications.
To evaluate the reduction of the pore size with time after
Dermaroller® treatment, the epidermis was separated about
2h after Dermaroller® treatment and prepared for SEM as
described above.

The size of each six pores per skin sample was measured
as described for the light microscopic experiments to estimate
the pore size.

2.8.  Transepidermal water loss (TEWL)

The transepidermal water loss was measured using a
VapoMeter (Delfin Technology, Kuopio, Finland) with a closed
measurement chamber (Nuutinen et al., 2003).

Full-thickness human skin was mounted onto the bottom
part of a glass Franz diffusion cell (FDC, PermeGear, Heller-
town, USA), and the upper part of the FDC was replaced by a
Teflon ring. The Teflon ring and the clamp assured that the
skin was firmly fixed on the top of the FDC. The epidermal
side of the skin was exposed to ambient conditions while the
dermal side was in contact with the receptor fluid (PBS pH
7.4, 32°C). Care was taken to remove all air bubbles between
the underside of the skin (dermis) and the receptor solution.
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If necessary, the surface of the skin was carefully dried with
filter paper and the chambers were equilibrated for 30 min.
The initial TEWL was then measured in triplicate. For perfora-
tion of the skin with the Dermarollers®, the skin samples were
removed from the Franz chambers and fixed on cork plates
and perforated as described above. After perforation the skin
samples were placed onto the Franz chambers again and the
TEWL was measured in appropriate time intervals over 2 h.

2.9.  In vitro penetration studies

Skin discs with diameters of 36 mm were punched out and
mounted onto FDC with a nominal area for diffusion of
3.14 cm? and a receptor volume of about 15 ml. The epidermal
side of the skin was exposed to ambient conditions while the
dermal side was bathed with PBS pH 7.4. The receptor fluid
was kept at 32+1°C and constant stirring was maintained
by magnetic stirring at 500rpm. Care was taken to remove
all air bubbles between the underside of the skin (dermis)
and the receptor solution throughout the experiment. After
equilibration for 30 min, the skin samples were removed from
the Franz chambers and fixed in a Petri dish as described
above. 10 pl/cm? of invasomes or PBS solution containing radi-
olabeled mannitol were applied with an Eppendorf pipette
onto a marked skin area. Directly after the application of
the formulations, the skin samples were perforated with the
Dermarollers® with needle lengths of 150, 500 and 1500 wm,
respectively. As control, skin samples without application of
Dermarollers® were incubated with the test formulations. The
skin samples were mounted onto the FDC and incubated with-
out occlusion. Samples were taken from the receptor fluid
(700 pl) every hour and the withdrawn volume was replaced
by the same volume of fresh PBS buffer to maintain a constant
volume. After 6h, the formulations were removed by wiping
the skin with cotton wool pads wetted with PBS buffer three
to four times and the radioactivity of the used cotton wool
pads was determined. The donor compartment of the FDC
was wiped and analyzed together with the Eppendorf tip used
for the application of the formulations. Dermarollers® were
placed in beakers filled with 20 ml ethanol (70 % v/v) for 30 min
and 1ml was taken for scintillation counting. All experiments
were done in triplicate.

For determinations of the drug amount in the different skin
layers, the skin was transferred onto an aluminum block, fixed
onto cork plates with small pins. A Teflon mask with a central
hole of 15mm in diameter was placed on the skin sample.
The SC was then subsequently removed by tape stripping.
The tape strips (Cristall Klar Tesa, Beiersdorf AG, Hamburg,
Germany) were slightly pressed onto the skin and a weight
was lowered straining the skin with 2 kg for exactly 10s. The
tape strip was then rapidly removed and the procedure was
repeated until the stratum corneum was removed completely
(usually 20 tape strips). Due to analytical reasons, the stripped
tapes were collected in vials according the following scheme:
vial 1: strip 1, vial 2: strips 2-3, vial 3: strips 4-5, vial 4: strips
6-8, vial 5: strips 9-12, vial 6: strips 13-16, and vial 7: strips
17-20.

The remained skin (stripped skin) was frozen in liquid
nitrogen and a skin disc with a diameter of 10mm was
punched out from the stripped area. The skin disc was

fixed on a pre-cooled microtome sample holder with a suf-
ficient amount of embedding medium (Tissue-Tek, Sakura
Finetek, Torrance, USA). The temperature in the cryomicro-
tome (Reichert-Jung 2800 Frigocut, Leica Instruments GmbH,
Nussloch, Germany) was —26 °C, while the temperature of the
object was —15°C. The skin was cut parallel to the surface
into 25 pm thick layers. The skin cuts were collected in vials
according the following scheme: vial 1: initial irregular cuts,
vials 2—4: each 10 cuts with a thickness of 25 um, and vial 5:
the residual tissue.

The liquid samples (receptor fluid, ethanolic rinsing
solution for the Dermarollers®) were mixed with 3ml of
scintillation cocktail (Rotiszint, Carl Roth GmbH, Karlsruhe,
Germany). The extraction of radiolabeled mannitol from the
adhesive tapes and skin cuts was carried out after addition of
5ml of scintillation cocktail. All samples were vortexed for at
least 1min and analyzed by liquid scintillation counting (Tri-
carb 2100 TR, PerkinElmer). Blank samples were also prepared
and the background was subtracted from the sample reading.

2.10. Fluorescence microscopic studies

Preparation of the skin, treatment with Dermarollers® and
incubation in FDC were carried out as described for the pen-
etration study except that carboxyfluorescein was used as
model drug instead of radiolabeled mannitol. 10 pl/cm? inva-
somes, MLV or Tris buffer solution each containing 20 mM
carboxyfluorescein was applied. Light protection was assured
by covering the FDC loosely with aluminum foil. After incu-
bation for 6h, the surface of the skin was wiped with cotton
wool wetted with PBS to remove any formulation left onto the
skin surface until disappearance of the yellow color on the
cotton. The skin samples were taken off from the FDC and
immediately frozen in liquid nitrogen. The skin samples were
embedded in Tissue-Tek and cross sections with a thickness of
7 pm were cut in the cryomicrotome and investigated by light
(bright field) and fluorescence microscopy (excitation 470 nm,
emission 520 nm, Leica DMRXP, Germany) with 100-fold mag-
nification.

3. Results

3.1.  Particle size of the invasomes and the large
multilamellar vesicles (MLV)

The average size of the invasomes containing radiolabeled
mannitol was 123.6 £0.3nm with a polydispersity index of
0.08 £ 0.01. In the case of invasomes containing CF, the size of
the vesicles was 105.5+0.2 nm with a polydispersity index of
0.08 +0.01. The low polydispersity indices of less than 0.1 indi-
cate a high homogeneity of the formulations and, therefore, a
narrow size distribution. Only a slight increase in the vesicle
size was detected after storage for 1 month in agreement with
literature data showing good stability of the invasomal formu-
lations when stored at 4°C (Dragicevic-Curic et al., 2008). The
z-averages were 145.5 + 1.3 and 115 + 0.2 nm for the invasomes
loaded with radiolabeled mannitol and carboxyfluorescein,
respectively, with polydispersity indices still between 0.07 and
0.11.
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As expected, a broad multimodal size distribution with
vesicles in the nm- up to the lower pm-range was obtained for
the non-extruded MLV formulation. The main vesicle popula-
tion had a size of about 330 nm (mode) and two minor fractions
with maxima of about 1 and 3 pm were detected as well. The
size of the cumulative volume distribution at 90% (D90-value)
was about 3 pm. By PCS, a z-average of 513+ 15nm and a PDI
of 0.27 +0.03 were measured.

3.2.  Light microscopy

Representative microscopic images of perforated human skin
are shown in Fig. 2. The pore size was about 70 and 150 wm for
the Dermarollers® with needle lengths of 500 and 1500 pm,
respectively. No pores were visible by light microscopic
inspection after perforation with the 150 um microneedles.
In reasonable agreement with the manufacturer informa-
tion (250 pores/cm? after 10-15 applications over the same
skin area), the density of pores was approximately 170 and
180 pores/cm? for the Dermarollers® with a needle length of
500 and 1500 um, respectively.

The effect of the skin preparation on the pore size was
evaluated by light microscopy using the Dermaroller® with
the longest needles (Fig. 3) because the pores created by this

250 - [ Full-thickness skin
Epidermis

22% separated before perforation

2004 T separated after perforation

15“‘/ I /\T
8%

100 % JT_/\ T

o

in=15

Pore Size (um)

n=15

n=46| n=15| [n=15

Directly after perforation 2 h after perforation

Fig. 3 - Pore sizes in dependence on the skin preparation.
Human full-thickness skin and separated epidermis was
treated with the 1500 pm microneedles. The epidermis of
the perforated full-thickness skin was then separated
directly and 2 h after Dermaroller® treatment. The
differences (%) between the samples are given in the
graphic and n refers to the number of pores measured.

Fig. 4 - Scanning electron microscopic images of epidermal membranes treated with Dermarollers® directly (A) or 2h (B)

after Dermaroller® treatment.
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type of Dermaroller were best visible in the light microscope.
The perforation of separated epidermis resulted in a larger
pore size (183 +23 wm, n=15) compared to those obtained after
perforation of the full-thickness skin (150+17 pm, n=46). In
the case of heat separation of the epidermis after perfora-
tion, a slightly smaller pore size was determined (133 + 14 pm,
n=15). With time, the size of the pores decreased; the pore
sizes were 92+15pm (n=15) for the full-thickness skin and
85+ 10 pm (n=15) when the epidermis was separated 2 h after
perforation. Whereas the decrease in the pore size due to
the separation of the epidermis was less pronounced and
within the expected variations, the perforation of the epider-
mis leads to a larger pore size compared to perforation of the
full-thickness skin.

3.3. Scanning electron microscopy (SEM)

By SEM, the morphology of the pores created by the differ-
ent types of Dermaroller® could be visualized in more detail
(Fig. 4). Generally, the pores often had a more or less triangular
shape that has been also described in the literature (Verbaan
etal., 2007; Kolli and Banga, 2008; Pearton et al., 2008). The pore
size after perforation of the epidermis was about 75, 125 and
180 pm for the 150, 500 and 1500 p.m microneedles, respec-
tively (Fig. 4A). 2h after Dermaroller® treatment, the size of
the pores was distinctly decreased. The pore sizes were about
15, 30 and 75 pm for the 150, 500 and 1500 pm microneedles,
respectively (Fig. 4B).

Due to the usage of the separated epidermis for perforation
and determination of the pore size directly after Dermaroller®
treatment, an overestimation for about 20% needs to be con-
sidered. However, even so, the pore size decreased apparently
2 h after perforation.

3.4.  Transepidermal water loss (TEWL)

Measurements of the transepidermal water loss are frequently
used to evaluate the integrity of the skin barrier (Roskos and
Guy, 1989). Healthy skin presents an efficient barrier against
water diffusion. To investigate the effect of various physical
and chemical parameters on the skin barrier function, the
water loss through the skin can be measured. Damage of
the skin barrier normally results in an increased water loss.
TEWL measurements may provide a rapid and non-invasive
evaluation of the skin barrier function before penetration
experiments with Franz chambers (Benech-Kieffer et al., 1997;
OECD No. 28, 2004). However, there is also evidence from the
literature that small damages may already lead to increased
drug permeation but may not be detectable by TEWL measure-
ments (Netzlaff et al., 2006).

To evaluate the reduction of the skin barrier by
Dermaroller® treatment, the TEWL of human skin was mea-
sured before and after treatment and followed up to 2h
after treatment (Fig. 5). The TEWL of untreated skin was
5.8+ 0.6 g/m? h, which agrees well with values reported in the
literature (Pinnagoda et al., 1990).

The treatment with the different types of Dermarollers®
resulted in an increased TEWL. The TEWL values mea-
sured directly after treatment were 11.4+1.2, 27.7+1.3 and
50.6.+3.7g/m?h for the 150, 500 and 1500 pm micronee-
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Fig. 5 - TEWL of full-thickness human skin with and
without perforation with the Dermarollers®. (A) TEWL
measured directly after Dermaroller® treatment and (B)
TEWL in dependence on time after treatment (n=3).

dles, respectively. There was a positive correlation between
the TEWL and the microneedle lengths, with the 150 um
microneedles treatment resulting in the lowest and the
1500 pm microneedle treatment providing the highest TEWL
value (Fig. 5A).

The TEWL was observed over 2h after treatment with the
Dermarollers®. Initially, the TEWL increased gradually reach-
ing the maximal TEWL after about 1h and a decrease was
observed further on with TEWL values measured after 2h even
slightly lower than those measured directly after perforation
(Fig. 5B).

3.5.  Invitro penetration studies

In order to investigate the ability of Dermarollers® to enhance
drug deposition in the skin, the penetration of radiolabeled
mannitol loaded-invasomes and the respective PBS solu-
tion was studied and compared with untreated skin (no
Dermaroller® treatment, Table 1, Fig. 6). Radiolabeled manni-
tol was used as hydrophilic label because a poor penetration
into the skin by passive diffusion through the SC of such
hydrophilic compound can be expected.
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Table 1 - Amounts of radiolabeled mannitol (expressed as cumulative % of dose applied, n=3) in the different layers of
human skin and the receptor fluid in dependence on the formulation (buffer and invasomes) and on the Dermaroller®

treatment after 6 h of non-occlusive incubation. The controls present the incubation with the respective formulations

®

without Dermaroller® treatment.

Treatment Amount of dose applied (%) Recovery (%)
SC Dermis Receptor Skin surface Dermaroller®

Buffer solution

Control 0.24 + 0.04 0.03 £ 0.01 Not detectable 107.30 £ 7.60 Not applicable 107.57 £ 7.64

Dermaroller 150 pm 0.55 + 0.23 0.29 + 0.14 3.79+1.81 22.77 £ 1.65 64.02 +£6.96 91.42 £ 3.73

Dermaroller 500 pm 0.31 £ 0.19 0.30 &+ 0.05 412+1.31 20.55 + 4.03 65.45+9.68 90.74 £ 5.84

Dermaroller 1500 pm 0.18 +£ 0.13 0.14 + 0.13 5.95+0.34 18.63 + 2.39 68.48 +£6.62 93.38 £ 5.88

Invasomes

Control 0.91 + 0.23 0.17 + 0.04 0.37£0.04 98.02 + 20.17 Not applicable 99.46 + 20.35

Dermaroller 150 pm 1.31 £+ 0.36 0.52 + 0.03 5.03+0.59 26.07 + 2.17 72.09+7.04 105.02 + 19.95

Dermaroller 500 pm 0.82 + 0.22 1.48 £ 0.37 11.20+£5.48 19.58 +9.03 63.67 £11.90 96.75 £+ 13.75

Dermaroller 1500 pm 0.63 £+ 0.25 1.11 £ 0.27 18.20+1.69 16.25 + 3.22 59.81+2.38 95.99 + 2.19

After incubation of the skin with the drug solution, only
small amounts of mannitol were found in the SC and the
stripped skin, and the drug was not detectable in the receptor
fluid. When the skin was perforated with the Dermarollers®,
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Fig. 6 - Amount of radiolabeled mannitol delivered into the
SC, stripped skin and the receptor after 6 h of incubation in
dependence on the formulation ((A) buffer solution; (B)
invasomes) and Dermaroller® treatment (n =3). The controls
present the skin samples without Dermaroller® treatment.

particularly the amount of mannitol pushed through the skin
into the receptor fluid was increased with increasing needle
lengths (Fig. 6A). However, the drug amount delivered into or
through the skin was relatively low in all cases (between about
3 and 6% of the applied dose).

The application of invasomes revealed a distinctly
enhanced delivery of radiolabeled mannitol into and through
the skin compared to the PBS solution even without
Dermaroller® treatment. The amount of radiolabeled man-
nitol in the SC and in the stripped skin was 3.8 and 5.7-fold
higher for the invasomes compared to the buffer solution
(Fig. 6A and B). Furthermore, a small amount of mannitol was
even found in the receptor fluid (0.4%). This indicates that the
vesicles play an important role in the delivery of mannitol into
the deeper skin.

The application of Dermarollers® resulted in a further
increase of the amount of the drug in the skin as well as in the
receptor fluid compared to untreated skin when the invasomal
formulation was applied (Fig. 6B). The combination of inva-
somes with the Dermaroller® with 150 pm needles showed the
highest drugamountin the SC (1.4-fold) and an increased drug
amount in the stripped skin (3.1-fold) as well as in the receptor
fluid (13.6-fold) compared to invasomes without Dermaroller®
treatment. With increasing needle length, mannitol deposi-
tion into deeper skin layers (stripped skin) and the receptor
fluid was pronounced but mannitol amounts in the SC were
reduced (Fig. 6B). Compared to the application of invasomes
without skin perforation, the amounts of mannitol were 8.7-
and 6.5-fold higher in the stripped skin and 30.3- and 49.2-fold
higher in the receptor fluid (500 and 1500 pm needle lengths,
respectively).

The permeation profiles are shown in Fig. 7. Interestingly,
different profiles were observed after skin perforation with
the Dermarollers® between the two different formulations
(invasomes or buffer solution). Whereas for the invasomal for-
mulation the drug amount in the receptor fluid continuously
increased (Fig. 7A), a flattening of the permeation curve was
already reached after about 2h when mannitol was applied
in PBS solution and combined with Dermaroller® treatment
(Fig. 7B). As stated above, mannitol was not detectable in the
receptor fluid when the skin was incubated with the buffer
solution and without perforation.
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Fig. 7 - Cumulative amount of radiolabeled mannitol in the
receptor compartment on the formulation ((A) buffer
solution; (B) invasomes) and Dermaroller® treatment (n=3).
The controls present the skin samples without
Dermaroller® treatment.

3.6.  Fluorescence microscopic studies

Fluorescence microscopy was used to visualize the penetra-
tion depth of the fluorescent dye CF after an incubation time
of 6h. In addition to the invasomes and the buffer solution,
the non-extruded invasomal formulation (MLV) was used to
gain more information whether the size or the composition
(e.g. ethanol and terpenes) are the main determinants for the
drug penetration enhancing effect of invasomes.

In Fig. 8, representative fluorescence microscopic images
of cross-sections of skin samples incubated with the inva-
somes (Fig. 8A), MLV (Fig. 8B) and with CF in buffer solution
(Fig. 8C) with and without Dermaroller® treatment are shown.
In agreement with the results of the penetration study with
radiolabeled mannitol, the fluorescence microscopic images
revealed that application of invasomes resulted in a deeper
skin penetration of CF particularly in combination with the
Dermaroller® treatment. Fluorescence intensity was distinctly
increased for the perforated skin samples with the high-
est intensity for the skin sample treated with the 500 um

microneedles. In the case of the Dermarollers® with micronee-
dle lengths of 150 and 1500 pm, the fluorescence in the viable
epidermis and dermis was weaker.

The application of MLV vesicles without Dermaroller®
treatment resulted in a weaker (compared to invasomes) but
slightly higher (compared to the buffer solution) fluorescence
in the SC and no fluorescence was noticed in the viable epi-
dermis. MLV were, therefore, not able to effectively deliver the
fluorescence dye through the SC. However, in combination
with the Dermarollers®, a very a weak fluorescence in both
the viable epidermis and dermis was observed (Fig. 8B).

When the skin was incubated with the CF solution without
Dermaroller® treatment, only a very weak fluorescence was
visible in the SC and no fluorescence could be detected in the
viable epidermis and dermis (Fig. 8C). Skin perforation with
the Dermarollers® resulted in a penetration of CF into the SC
as well as deeper layers of the skin but fluorescence intensities
were much lower when compared to the respective images of
the skin samples incubated with invasomes. As for the inva-
somes, fluorescence intensity was highest when the skin was
treated with the Dermaroller® with needle lengths of 500 pm.

4, Discussion

In the present study, we used commercially available
microneedle devices (Dermarollers®) to overcome the SC bar-
rier properties. Furthermore, the efficiency of microneedle
treatment followed by the application of invasomes was inves-
tigated and compared with an aqueous solution of the drug
with respect to a further enhancement of drug delivery into
and through the skin.

The ability of the Dermarollers® to create pores through
the SC could be demonstrated by the detection of pores in
light and scanning electron microscopy as well as the ele-
vated TEWL measured after skin perforation. The size range
of the created pores (between about 50 and 200 um for the
Dermarollers used in this study) is in reasonable agreement
with the literature data where pore sizes between a few pm
up to 300 pm (Henry et al.,, 1998; Chabri et al., 2004; Wang et
al., 2006) is described. However, as the microneedle geom-
etry as well as the microneedle assembly (e.g. number of
needles per area) has likely a great influence on the pene-
tration depth of the microneedles as well as the size of the
pores, a direct comparison of pore sizes created by different
microneedle devices appears to be critical. Furthermore, it
has been described that even no perforation of the SC could
be achieved after manual application of shorter micronee-
dles in a flat microneedle array (Verbaan et al., 2007). In this
regard, velocity of microneedle insertion plays an important
role and skin piercing was successful using microneedles with
the similar lengths when the microneedle array was inserted
at a defined high speed (Verbaan et al., 2008). The cylindrical
assembly of the microneedle array used in this study allows
skin perforation by just rolling the device over the skin sur-
face and exerting there also a tension on the skin between
adjacent needles facilitating the puncture of the needles by
their respective forefront needle. This seems to be advanta-
geous as lower forces are generally needed compared to an
application of flat microneedle assemblies (Wang et al., 2006).
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Fig. 8 - Representative fluorescence microscopic images of cross section of human abdominal skin after 6 h of incubation in
dependence on the formulations ((A) invasomes, (B) MLV and (C) buffer solution) and Dermaroller® treatment. Scale bars

represent 100 pm.

Recently a cylindrical assembly of biocompatible polymeric
microneedles using the general geometry of the Dermaroller®
was suggested but not yet tested for skin perforation (Han et
al., 2007).

With increasing needle length the TEWL increased. A simi-
lar trend of the dependence of the TEWL on the needle length
was found by Verbaan et al. (Verbaan et al., 2007). A possible
explanation for these results may be that the Dermarollers®
with longer needles penetrate the stratum corneum and enter
the underlying dermal tissue resulting in an increased hydra-
tion of the SC (Caspers et al., 2000). Furthermore, the pore size
was dependent on the microneedle length with the largest
pore size of about 150 pm created by the Dermaroller® with
the longest needles (1500 pm) and thus the highest water flux
through the skin. There was a gradual increase in the TEWL
over the 1sthour while afterwards the TEWL values decreased.
The decline of the TEWL is probably caused by the reduction of
the pore size with time. A reduced pore size was confirmed by
light and SEM investigations 2 h after Dermaroller® treatment.
These results are overall in good agreement with literature
data although a faster decrease in the pore size might be
expected in vivo due to the physiological response on skin per-
foration as physical stimulus. Bal et al. (2008) studied different

microneedle arrays (e.g. hollow and solid) in vivo in humans
with respect to skin barrier function (TEWL), pain and skin irri-
tation. A rapid decline of the TEWL with reaching the initial
TEWL already after about 30 and 60 min was observed after
skin perforation with solid microneedles with 300 and 400 p.m
in lengths, respectively. A rapid decrease of the pore size was
also found in vivo in rats (Wang et al., 2006). The pores with
initial sizes between 100 and 300 pm were not detectable any-
more in the light microscope after 10-20 min. However, in a
recent clinical study, a microneedle patch was evaluated for
transdermal delivery of naltrexone in humans (Wermeling et
al., 2008). In addition to the systemic drug delivery, the electri-
cal resistance was measured as a function of time after skin
perforation. Under these conditions (occlusion), skin resis-
tance steadily increased but remained significantly less than
the resistance of untreated skin for 30h indicating an at least
not complete closure of the pores within this time.

Finally, the influence of skin perforation on the penetration
and permeation of hydrophilic model drugs was investigated
with two different formulations: an aqueous solution and an
invasomal formulation. Invasomes were introduced by Verma
and Fahr (2004) as a new type of highly deformable vesicles
for topical drug delivery. The addition of ethanol and terpenes
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makes the phospholipid bilayer highly flexible and deformed
vesicles could be visualized in a cryo-electron microscopic
study (Dragicevic-Curic et al., 2008). Furthermore, ethanol and
terpenes may also act as penetration enhancer by disturbing
the SC lipid structure (Cornwell et al., 1996; Moghimi et al.,,
1997; Diez et al., 1998; Bhatia and Singh, 1999) and the pene-
tration enhancing effect of invasomes has been explained by
fluidizing the SC lipid structures thus disturbing the organiza-
tion of the SC lipids (Verma and Fahr, 2004; Dragicevic-Curic et
al., 2008). However, the results of the fluorescence microscopic
experiments of the present study indicate that the small size
of the vesicles presents a prerequisite for the performance of
invasomes and thus not primarily the formulation compo-
nents are responsible for the penetration enhancing effect.
For the non-extruded formulation with vesicle sizes in the
higher nm- up to the lower pm-range, fluorescence inten-
sity was much lower compared to the invasomes with a size
between 100 and 130nm and only a little brighter compared
to the aqueous solution of the fluorescence dye. In contrast,
the results of the penetration and fluorescence microscopic
study revealed that invasomes were most effective in deliv-
ering the hydrophilic model drugs into the SC and deeper
skin layers even without skin perforation. A similar pene-
tration enhancing of invasomes has been described for the
hydrophobic photosensitizer temoporfin (Dragicevic-Curic et
al., 2008). Due to the flexibility of the vesicle bilayers, penetra-
tion of invasomes into the SC may be facilitated particularly
under non-occlusive conditions although the mechanism
of the penetration of deformable vesicles is not yet com-
pletely understood (Cevc et al., 1995; Honeywell-Nguyen and
Bouwstra, 2006). The presence of terpenes and ethanol may
further enhance drug penetration by interaction with the SC
lipids. Hydrophilic drug molecules are localized in the aque-
ous core of the vesicles and in the outer water phase. Atis was
shown earlier that flexible vesicles also enhanced penetration
of drug dissolved in the outer water phase (Verma et al., 2003),
in the present study the formulations were used as obtained
after extrusion with the drug in the vesicle core and the outer
water phase without further purification.

Skin perforation led to a further enhanced drug transport
into and through the skin. In a recent study with lipophilic
drugs, a similar trend was found when the application of
deformable vesicles (containing phospholipids and a bile salt)
was combined with a microneedle treatment (Qiu et al., 2008).
In addition to the penetration of the invasomes through the
SC that remained intact after Dermaroller® treatment and
resulted in higher drug amounts in the deeper skin, it was
observed in an earlier study that deformable vesicles can also
trail along the hair shaft reaching the hair follicle (Verma,
2002). A similar mechanism can be expected for the pro-
nounced penetration of the vesicles through the pores created
by the Dermarollers®. An additional reason for the improved
penetration could be that the invasomes, once having reached
the epidermis, may fuse or aggregate with epidermal cells and
are therefore removed from the equilibrium in the aqueous
channels. This causes an increased invasome flow towards
the epidermis from the reservoir on the skin surface. Drug
deposition in the different skin layers was dependent on
the needle lengths of the Dermarollers®. Skin perforation
with the shortest needles led to the highest drug deposi-

tion in the SC. In contrast, when the skin was perforated
with the longer microneedles, deposition of the hydrophilic
model drugs in the SC was similar (500 um needles) or even
lower (1500 um needles) as obtained after incubation of the
skin with invasomes but without skin perforation. However,
the Dermaroller® treatment led to higher drug amounts in
the deeper skin as well as the receptor fluid for all needle
lengths. As the dermis does not present a distinct barrier for
hydrophilic drugs, a fast diffusion through the dermis into
the receptor fluid can be assumed once the drug has passed
the SC. In both the penetration and fluorescence microscopy
study, drug deposition in the deeper skin layers was highest
when the skin was perforated with the Dermaroller® with a
needle lengths of 500 um and this model appears therefore
most promising for transdermal drug delivery purposes. The
Dermaroller® with the longest needles (1500 pm) may be more
critical because the depth of perforation may reach deeper
regions of the underlying dermis with risk of pain and damage
of small blood capillaries. The Dermaroller® with the short-
est needle lengths seems to be predominant for drug delivery
mainly in the SC but drug diffusion through the dermis result-
ing in systemic absorption needs to be considered as well.

5. Conclusion

In the present study, the ability of Dermarollers® differing in
their needle lengths was investigated. The disruption of the SC
barrier could be demonstrated by the presence of pores and an
increased TEWL. Consequently, penetration and permeation
of hydrophilic model drugs were enhanced after skin perfora-
tion with the Dermarollers® particularly when combined with
the invasome formulation. The Dermaroller® with a needle
length of 500 pm appears most promising for drug delivery
into deeper layers or through the skin. In contrast, the treat-
ment of the skin with the Dermaroller® with needle lengths of
150 pm led to a pronounced deposition of the model drugs in
the SC. As the Dermaroller® is a commercial available device
and provides an easy handling, it appears promising also for
drug delivery purposes additionally to its use in cosmetics.
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