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Abstract The present study investigated the effects of
microneedle treatment (maltose microneedles, Admin Pen™
1200, and Admin Pen™ 1500) on in vitro transdermal deliv-
ery of vismodegib with different needle lengths, skin equili-
bration times, and microneedle insertion durations. The influ-
ence of microneedle treatment on the dimensions of
microchannels (dye binding, calcein imaging, histology, and
confocal microscopy studies), transepidermal water loss, and
skin permeability of vismodegib was also evaluated. Skin vis-
coelasticity was assessed using a rheometer, and microneedle
geometry was characterized by scanning electron microscopy.
Permeation studies of vismodegib through dermatomed por-
cine ear skin were conducted using vertical Franz diffusion
cells. Skin irritation potential of vismodegib formulation was
assessed using an in vitro reconstructed human epidermis
model. Results of the in vitro permeation studies revealed
significant enhancement in permeation of vismodegib through
microneedle-treated skin. As the needle length increased from
500 to 1100 and 1400 pm, drug delivery increased from 14.50
+2.35 to 32.38+3.33 and 74.40+15.86 pg/cm?, respectively.
Positive correlation between drug permeability and
microneedle treatment duration was observed. The equilibra-
tion time was also found to affect the delivery of vismodegib.
Thus, changes in microneedle length, equilibration time, and
duration of treatment altered transdermal delivery of
vismodegib.
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Abbreviations

BCC Basal cell carcinoma

TEWL Transepidermal water loss
SEM Scanning electron microscopy
PBS Phosphate-buffered saline
PEG 400 Polyethylene glycol 400

PG Propylene glycol

SD Standard deviation

HPLC High-performance liquid chromatography
SIT Skin irritation test

PPI Pore permeability index
Introduction

Among more than two million cases of non-melanoma skin
cancer diagnosed in 2006, approximately 80 % were basal cell
carcinoma (BCC), which was reported as the most commonly
occurring human skin malignancy [1, 2]. According to the
American Cancer Society Facts and Figures 2013, 2.2 out of
3.5 million non-melanoma skin cancer cases that were treated
annually in the USA were basal cell carcinoma. Advanced or
metastatic BCC is an invasive form of disease which spreads
distantly in the body and cannot be treated by surgery or
radiation therapy [1]. Cancer cell growth in BCC occurs due
to mutation in Smoothened, a transmembrane protein in
Hedgehog signal transduction, which regulates the
Hedgehog (Hh) pathway. Vismodegib (Hedgehog antagonist
GDC-0449) was recently approved by US Food and Drug
Administration to be a first-in-class, orally bioavailable inhib-
itor of Smoothened for use in patients with locally advanced
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or metastatic BCC [1, 2]. Vismodegib electively deactivates
the Hedgehog pathway by inhibiting the Smoothened protein,
resulting in suppression of Gli-1/2 transcriptional activation
that interferes with tumor cell growth and survival [1].
Presently, vismodegib is commercially marketed by
Genentech as Erivedge™ capsule 150 mg. Vismodegib has
a low oral absolute bioavailability (31.8 %), partly due to its
poor water solubility (pH dependent with 0.1 pug/ml at pH 7)
[3]. However, small molecular weight (421.30 g/mol),
moderate lipophilicity (log P=2.7), and high permeability
of vismodegib make it an ideal candidate for transdermal
delivery. Furthermore, high plasma protein binding (great-
er than 99 %) facilitates diffusion of vismodegib through
convective blood and lymphatic and interstitial transport
into deep tissues [4].

Transdermal delivery is a promising and attractive route for
delivering both small molecules and macromolecules [5—8]
because of skin’s large surface area, ease of use [7], patient
compliance [8], and therapeutic effects. Transdermal delivery
bypasses first-pass hepatic metabolism and, hence, is pre-
ferred for drugs with poor absorption rate and drugs which
are unstable in the acidic environment of stomach or cause
gastrointestinal tract irritation [7-9]. Another advantage of
transdermal route is its ability to control the rate of drug de-
livery [8]. This can be explained by skin’s extremely low
permeability [5] rendered by the outermost lipophilic layer
of dead corneocytes or the stratum corneum embedded in
lipid-enriched matrix [10]. It is the greatest barrier and a key
factor in regulating drug flux through the skin [5, 6]. The
cellular, viable, avascular epidermis also offers a significant
permeability barrier to the transport of drugs [6]. Successful
transdermal delivery allows sufficient amount of drug to be
transported across the epidermis to the superficial dermal cap-
illary bed [6, 11]. Passive diffusion is traditionally limited to
molecules of high potency (dose in milligrams or less), low
molecular weight (<500 Da), and high-to-moderate
lipophilicities [12]. Transdermal drug delivery can be en-
hanced by optimization of the drug formulation [8] or disrup-
tion of the skin barrier using chemical penetration enhancers
[13] or physical approaches including lasers, electrical energy,
ultrasound, radio frequency, and thermal energy [8, 14, 15].

Micron-size microneedles expand the scope of transdermal
delivery by creating microscopic channels that enhance the

Fig. 1 Microneedle array on the

in vitro diffusion area (0.64 cm?, AT R
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delivery of therapeutic agents ranging in size from small mol-
ecules (including drug-loaded nanoparticles) to macromole-
cules such as proteins across the skin [5, 16]. Small and very
sharp microneedles have sufficient length and strength to pen-
etrate the stratum corneum and epidermis but do not stimulate
the nerve fibers and blood vessels [5, 6]. Microneedles, due to
their cost-effectiveness, ease of self-administration, and being
minimally invasive, provide patient compliance [9]. As com-
pared to transdermal patches, microneedles can deliver thera-
peutic amounts of pharmaceutical drugs in a shorter period of
time [17]. Molecules can be placed at a desired depth in the
skin [5] with relatively low microbial ingress [18] using
needles of various lengths. Increase in microneedle density,
insertion time, length, number of applications [19, 20], and
force of insertion [21] have been reported to increase the
in vitro diffusion rate of drugs across the skin. Microneedle
treatment significantly enhanced the transdermal delivery of
PEGylated naltrexone prodrug [22], nanoencapsulated dye
[23], verapamil hydrochloride and amlodipine [19], and man-
nitol [11].

In the present study, maltose microneedles, Admin Pen™
1200, and Admin Pen™ 1500 (Fig. 1) were used to enhance
the in vitro penetration of vismodegib across dermatomed
porcine ear skin. The studies included characterization of
dermatomed porcine ear skin samples (dynamic viscoelastic-
ity), microneedle dimensions, (scanning electron microsco-
py), and microchannels (dye binding studies, calcein imaging,
histology, and confocal microscopy studies); investigation of
skin after microneedle insertion (transepidermal water loss
measurement); evaluation of transdermal drug delivery
(in vitro permeation studies using vertical Franz diffusion cells
and skin deposition studies); and acceptability of formulation
for application (skin irritation test). The present study for the
first time characterized microneedle geometry and dimensions
of Admin Pen™ 1200 and Admin Pen™ 1500, measured
depth and pore uniformity of microchannels in the skin creat-
ed by Admin Pen™ 1200 and Admin Pen™ 1500, investigat-
ed the change of needle length and base dimensions of maltose
microneedles after different treatment durations, studied dy-
namic viscoelastic properties of untreated and microneedle-
treated dermatomed porcine ear skin using a rheometer,
employed Image] to measure the surface area of
microchannels to calculate the total surface area of pores
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formed using different microneedles, and evaluated the skin
irritation potential of vismodegib solution in propylene glycol
(7 mg/ml). The study also investigated the effect of needle
length (500, 1100, and 1400 pm), 30-min post-microneedle
treatment equilibration time, and microneedle insertion dura-
tion (1, 2, and 4 min) on transdermal delivery of vismodegib.

Materials and methods
Materials

Vismodegib (GDC-0449) was purchased from MedChem
Express LLC (Princeton, NJ, USA). Propylene glycol
(PG), 0.1 M phosphate-buffered saline (PBS), and polyeth-
ylene glycol 400 (PEG 400) were obtained from Sigma-
Aldrich (St. Louis, MO, USA), Fisher BioReagents, and
Fisher Scientific (Fair Lawn, NJ, USA), respectively.
Porcine ear skin was harvested in a local slaughterhouse
(Atlanta, GA, USA). Fluoresoft® (0.35 %) was procured
from Holles Laboratories, Inc. (Cohasset, MA, USA), and
methylene blue dye from Eastman Kodak Co. (Rochester,
NY, USA), while all the other chemicals were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Plates, assay medium,
chemicals, nylon mesh, and other materials for in vitro skin
irritation test were provided by MatTek Corporation
(Ashland, MA, USA).

Maltose microneedles purchased from Elegaphy, Inc.
(Tokyo, Japan) were solid, 500 um in length, sharp tipped,
and tetrahedron shaped. Each array included 3 straight parallel
lines of 27 identical microneedles. Microneedle array-based
pen injector devices, Admin Pen™ 1200 and Admin Pen™
1500 metal microneedles, contained 43 and 31 microneedles,
each 1100 and 1400 pm in length, respectively, and distribut-
ed as a diamond shape on a 1-cm” circular area (AdminMed,
Sunnyvale, CA, USA) [24].

Methods
Scanning electron microscopy studies

The Phenom™ field emission scanning electron microscopy
(SEM) system (Nanoscience Instruments, Inc., Phoenix, AZ,
USA) and the Denton Vacuum Desk V sputter coater with
gold target (Denton Vacuum LLC, Moorestown, NJ, USA)
were utilized to investigate the microneedle shape, dimen-
sions, surface morphology, and needle distribution pattern
on array. Dust-free microneedles were placed in the field emis-
sion SEM at a primary beam-accelerating voltage of 5 kV to
collect secondary ion images of different magnifications. A
single line of maltose microneedle was carefully isolated from
the array and mounted on SEM Pin stub mount (Ted Pella,
Inc., Redding, CA, USA). Metal microneedle array was

separated from Admin Pen™ 1200 and Admin Pen™ 1500
microneedle liquid injection system, stuck into low profile
45°/90° SEM mount (Ted Pella, Inc., Redding, CA, USA)
using a double-sided carbon sticky tape, and sputter coated
using a Denton Vacuum Desk V sputtering system with gold
target in order to form a thin layer of conductive coating to
increase the signal-to-noise ratio. SEM images were analyzed
to obtain the dimensions of microneedles such as needle
length, base size, and tip-to-tip distance. After different
microneedle treatment durations (1, 2, and 4 min), an individ-
ual line of maltose microneedle was separated for SEM anal-
ysis to investigate the change in needle length and base
dimensions.

Preparation of skin samples

Freshly excised porcine ear skin obtained from the local
slaughter house was washed with 10 mM PBS, wrapped in
aluminum foil, and stored at —80 °C. In order to obtain a
relatively uniform skin thickness, specific sections of the ears
were processed according to the study of Han et al. [25]. The
stored skin was thawed at room temperature for 30 min. After
being completely thawed, the full-thickness porcine ear skin
was washed with 10 mM PBS solution and dermatomed to an
average thickness of 0.60+0.11 mm (n=40) (measured using
a digital micrometer, Marathon Watch, 1.55 V) using a
Padgett electro-dermatome (Kansas City Assemblage Co.,
Kansas City, MO, USA) after trimming the hair. Then, the
skin was cut into 2x2 cm? pieces for the study.

Dynamic viscoelasticity properties of porcine ear skin

Exploring the effect of microneedle treatment on drug deliv-
ery gets more complicated and challenging due to the visco-
elastic nature of skin [20]. The importance of considering skin
viscoelasticity during microneedle insertion has been reported
in the literature [26]. In the present study, the viscoelasticity of
freshly dermatomed porcine ear skin and microneedle-treated
skin was evaluated using an oscillatory rheometer (Rheoplus/
32 V3.62; Anton Paar Germany GmbH, Germany). Skin sam-
ples were kept static on the plate during the test with the
normal force of 2-3 N. The storage modulus and loss modulus
of the skin were studied at a constant volume strain of 1 %
with an increasing angular frequency from 6 to 474 rad/s at
32 °C to simulate the skin surface temperature and reduce the
thermal effects on the test results. The storage modulus (G”)
depicts stored energy or elastic properties, while the loss mod-
ulus (G") demonstrates the energy dissipated as heat or vis-
cous properties of the material. If G’ is high, the skin will be
more resistant to the external forces during microneedle inser-
tion [21].
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Dye binding studies

Methylene blue solution (1 % w/v in deionized water) was
used to confirm the formation of microchannels in the skin
[16]. The freshly dermatomed porcine ear skin with the stra-
tum corneum towards the top was placed flat on four layers of
parafilm (Parafilm M Laboratory film; Neenah, WI, USA) to
mimic the soft tissue under the skin and avoid microneedle
breakage. The center of skin (desired treatment site) was
stretched with fingers before manually inserting the
microneedles by thumb with a relatively uniform force of
approximately 40 N (confirmed by a balance). The Admin
Pen™ was mounted on commercially available 10-ml syringe
prior to use. After inserting for 1 min in the skin, the
microneedle array was removed. Methylene blue dye was im-
mediately applied on the treated site for 1 min before being
swabbed using Kimwipes (Kimberly-Clark Worldwide, Inc.)
and alcohol swabs (alcohol prep, Curity™; Covidien, MA,
USA) to remove excessive stain. The stained site was visual-
ized using a ProScope HR Digital USB Microscope (Bodelin
Technologies, OR, USA).

Histology studies

Histological sectioning was performed to assess the ability of
microneedles to pierce dermatomed porcine ear skin and cre-
ate microchannels. A small piece of skin (1x1 cm?) was
microporated, stained using 1 % (w/v) methylene blue solu-
tion, cleaned with Kimwipes and alcohol swabs after 1 min,
and placed flat in Tissue-Tek® optical coherence tomography
(OCT) compound medium (Sakura Finetek USA, Inc.,
Torrance, CA, USA). This block was solidified by storing
under —80 °C for 1 h before sectioning using Microm HM
505 E (Southeast Scientific, Inc., GA, USA) with the section
thickness of 10 wm. The block was tightly glued onto the
object holder in the microtome chamber at —20 °C using an
embedding medium. The sample was cut, and the cryosec-
tions of the skin samples were mounted on microscope glass
slides (Globe Scientific, Inc., NJ, USA) and visualized using a
Leica DM 750 microscope.

Confocal microscopy studies

The depth and surface area of microchannels created by
microneedles were measured using confocal microscopy.
Freshly dermatomed porcine ear skin was treated with maltose
microneedles, Admin Pen™ 1200, or Admin Pen™ 1500.
Fluoresoft® (0.35 %, 200 pl) was then applied for 1 min after
which the excessive calcein was removed using Kimwipes
and alcohol swabs. The treated skin was placed on a micro-
scope slide without fixation artifacts or distortion and scanned
using a computerized Leica SP8 confocal laser microscope
(Switzerland) with x10 objective at an excitation wavelength
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of 496 nm. Fluorescent images were then processed by Leica
Application Suite-Advanced Fluorescence (LAS-AF) soft-
ware. X-Z sectioning was employed to study the distribution
pattern of calcein in the channels and the depth of the created
microchannels. The surface area of micropores was calculated
from the microscopic images using Image] 1.410 (National
Institutes of Health, USA).

Pore uniformity studies

The uniformity of microchannels and relative flux values of
individual channels were investigated by calcein imaging
using Fluorophore image analysis tool. Fluoresoft® (0.35 %)
solution was applied for 1 min on the microneedle-treated site
of the skin and then wiped off with Kimwipes and alcohol
swabs. The protocol has been described by Kolli and Banga
[5]- A two-dimensional fluorescent image was taken to show
the distribution of fluorescent intensity in and around each
pore that was then converted into pore permeability index
(PPI). The PPI value represented the calcein flux for each
pore.

Transepidermal water loss measurement

The barrier integrity and humidity of porcine ear skin be-
fore and after microneedle treatment were evaluated rapidly
and non-invasively by transepidermal water loss (TEWL)
value measurement using a VapoMeter with a closed cham-
ber (Delfin Technologies, Ltd., Kuopio, Finland). The
probe was kept on the skin for 13 s to obtain the values
on the screen (n=4). The TEWL studies depicted the ef-
fects of microneedle treatment on skin barrier function.
Normal skin showed a small amount of water loss, while
the water loss increased significantly as the skin barrier was
disturbed [5]. In other words, an increase in TEWL value
indicated compromised skin. The experiments were con-
ducted to compare the TEWL values of different
microneedle treatment groups.

In vitro permeation studies using vertical Franz diffusion cells

In vitro permeation study is a useful technique to measure the
rate and extent of drug transported across the skin. In the
present project, permeation studies of vismodegib through
porcine ear skin were performed using jacketed PermeGear
V6 station vertical Franz diffusion cells with 9 mm orifice
and 0.64 cm? diffusion area (Hellertown, PA, USA). The ob-
jective of this study was to investigate the effects of needle
length (500 um of maltose microneedles, 1100 um of Admin
Pen™ 1200, and 1400 pm of Admin Pen™ 1500), skin equil-
ibration time from piercing the skin with microneedles till
applying the drug formulation (0 or 30 min), and treatment
duration for which the microneedles were kept in the skin by
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thumb (1, 2, or 4 min) on drug delivery across the skin. Donor
chamber contained 100 pl of vismodegib solution in 7 mg/ml
propylene glycol (90 % saturation level [27]) to give a dose of
1.1 mg/cm?. The donor chamber was kept open to mimic
in vivo conditions. The receptor compartment was filled with
5 ml of receptor solution (10 mM PBS/PEG 400, 50:50 v/v).
Receptor was maintained at 37 °C using built-in water circu-
lation jacket surrounding the lower part of the Franz cells to
have the skin surface temperature of 32 °C. The receptor fluid
was continuously, magnetically stirred during the studies. The
procedure followed “poke and patch” mechanism where mi-
cropores were created by insertion and removal of the
microneedles before the drug formulation was applied [19].
Microneedles were manually inserted at the desired skin treat-
ment site and removed after 1 min in an identical protocol as in
dye binding studies. The microporated skin was clamped be-
tween the donor and receptor chamber with the stratum
corneum facing upwards. Air bubbles below the surface of
the skin were eliminated carefully by tilting the cells. The
transdermal delivery of vismodegib was measured by remov-
ing aliquots of 300 pl receptor fluid from sampling port using
a 1-ml graduated plastic syringe at 0, 1, 2, 4, 6, 8, 10, 22, and
24 h, followed by replacement with an equal volume of fresh
receptor solution to maintain a constant receptor volume. All
samples were analyzed using a sensitive, specific, and reliable
gradient reversed-phase high-performance liquid chromatog-
raphy (HPLC) method with the linearity range of 0.1—
50 pg/ml (R*=1.000) and the limit of detection of
0.04 pg/ml [27]. The cumulative amount of vismodegib per-
meated through a diffusion unit area was plotted as a function
of time (n=4).

Skin disposition studies

After 24 h of permeation studies, the skin was carefully
cleaned three times with Q-tips soaked in 10 mM PBS/PEG
400 (50:50 v/v) and dabbed with Kimwipes to remove the
donor formulation. In order to measure the drug levels in the
skin, a tape-stripping technique was used to separate the stra-
tum corneum from the epidermis and dermis. Adhesive tapes
(3M transpore tapes; 3M Healthcare, St. Paul, MN, USA)
were cut into pieces (1.9x1.9 cm?). Twenty tapes were ap-
plied onto the permeated skin site one-by-one, pressed for
proper adhesion, rolled with a glass rod, and removed quickly
with forceps. Tapes 1-5, tapes 610, and tapes 11-20 were
collected individually in six-well plates (Becton Dickinson,
Franklin Lakes, NJ, USA). The remaining skin was manually
minced with surgical scissors and placed in a separate six-well
plate. Ethanol (2 ml) was added to each well. The wells were
then placed on a shaker at 150 rpm for 4 h, and the samples
were filtered through a 0.2-pm filter and analyzed using the
HPLC method.

Skin irritation test

The in vitro EpiDerm™ skin irritation test (EPI-200-SIT)
using the three-dimensional in vitro reconstructed human epi-
dermal (RHE) model EpiDerm (MatTek Corporation,
Ashland, MA, USA) is an effective method to classify drug
formulation into either irritants of GHS category 2 or non-
irritant [28, 29]. It was critical to understand whether vismo-
degib formulation (solution 7 mg/ml in propylene glycol)
would alter the stratum corneum and cause irritation to the
skin. The EpiDerm™ SIT has sufficient accuracy and reliabil-
ity to be used as an in vitro replacement for animal skin irri-
tation testing [28]. The present study is the first one that re-
ports the skin irritation test data of the vismodegib formula-
tion. Aqueous sodium dodecyl sulfate (SDS) solution (posi-
tive control), Dulbecco’s phosphate-buffered saline (DPBS,
negative control), and 30 pl vismodegib solution (test) were
applied on separate skin tissues and kept for 60 min in an
incubator (37+1 °C, 51 % CO,, 95 % relative humidity
(RH)). Three replicates of tissues were performed for each
solution. The tissues were rinsed with DPBS before being
transferred to fresh assay medium. The tissues were incubated
for 24 h at 37+1 °C, 5£1 % CO,, 95 % RH [28]. Incubation
was continued for the next 18 h after replacing the medium
with fresh one. Methyl thiazolyl tetrazolium (MTT) assay was
then conducted by transferring the tissues into yellow MTT
solution (1 mg/ml). After 3 h of incubation, the blue formazan
salt formed by cellular mitochondria was extracted with 2 ml
isopropanol. The optical density of the extracted formazan
was measured using a spectrophotometer at 570 nm. Due to
the long post-incubation period, the test was performed under
aseptic conditions in a laminar flow hood. A chemical was
classified as non-irritant if the mean relative tissue viability
of three individual tissues was more than 50 % of the mean
viability of the negative control [28, 29].

Data analysis

All results were reported as the mean with standard deviation
(SD). Statistical calculations were performed in Microsoft
Excel Worksheets and the SPSS software package version
21.0 (IBM, USA). The one-way ANOVA followed by
Tukey’s HSD post hoc test was used to compare the results
of different groups. Statistically significant difference was
depicted by p value <0.05.

Results and discussion
Scanning electron microscopy studies

The SEM images of small portions of microneedle arrays
(Fig. 2) were magnified by different factors to study the
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Fig.2 SEM image of a maltose microneedles and b Admin Pen™ 1500

morphology and dimensions of maltose microneedles, Admin
Pen™ 1200, and Admin Pen™ 1500 (Table 1).

The results of microneedle dimensions were consistent
with other research studies that characterized the pyramid-
shaped solid maltose microneedles with a needle length of
508.464£9.32 um [5] or 497.41+31.10 um [16] and an equi-
lateral triangle side of the base of 204.62+7.19 um [5] or
197.60£17.53 pwm [16]. The length of Admin Pen™ was in
concordance with the information provided by AdminMed
that Admin Pen™ 1200 and Admin Pen™ 1500 stainless steel
microneedles were 1100 and 1400 pum in length, respectively
[24]. All the parameters including needle density, height, base
length, width, and needle-to-needle distance of Admin Pen™
1200 and Admin Pen™ 1500 were similar to those of Admin
Patch 1200 and Admin Patch 1500 [17, 21, 30]. The measured
dimensions showed the likeliness of all the microneedles to
pierce porcine ear skin having stratum corneum thickness of
21-26 pm and viable epidermis thickness of 6672 um [31].

As the treatment duration increased from 1 to 2 and 4 min,
maltose microneedles gradually dissolved and their length de-
creased significantly from 179.70+£64.54 um (n=10) to 86.90
+67.53 um (n=10) (p<0.05) and 0 um (p<0.05), respective-
ly, but the length of the equilateral triangle side of the needle
base showed an insignificant change from 252.30+25.23 to
261.20+£43.71 um (p=0.58). When the maltose microneedles
were inserted in the skin for 4 min, the entire needles dissolved

Table 1 Microneedle dimensions

to give SEM images of only the substrate without any visible
traces of microneedles.

Dynamic viscoelasticity properties of porcine ear skin

The difference in viscoelasticity of skin samples was observed
to affect the insertion behavior of microneedles. Figure 3
shows the storage modulus (G’) and loss modulus (G") of
untreated dermatomed porcine ear skin and microneedle-
treated skin as a function of angular frequency (w). Both G
and G" increased with an increase in angular frequency. As
seen in Fig. 3a, the storage modulus of untreated skin sample
(>10,000 Pa) was determined to be greater than the loss mod-
ulus (around 2500 Pa) which indicated that dermatomed por-
cine ear skin would be more elastic and, hence, presents a high
resistance to external force. Figure 3b, ¢ shows that
microneedle treatment reduced the storage modulus and loss
modulus of the skin samples.

According to the results of skin dynamic viscoelasticity,
full-thickness porcine ear skin was found to be more elastic
with the storage modulus over 15,000 Pa and loss modulus
around 5000 Pa [21, 30]. In other words, the dermatomed skin
samples were less resistant to microneedle insertion force than
full-thickness skin or a change in the thickness was found to
alter the skin viscoelasticity. The reduction of storage modulus
and loss modulus due to maltose microneedle, Admin Pen™
1200, and Admin Pen™ 1500 treatment suggests that the skin
samples became less viscoelastic and less resistant to external
force after the treatment.

Dye binding studies

Dye binding studies were conducted to confirm the
microneedles’ ability in terms of sharpness, length, and den-
sity to pierce the stratum corneum and create micron-size
channels in the skin. Methylene blue dye would bind to the
successfully created microchannels and be visible under the
ProScope HR Digital USB Microscope.

Microneedle dimensions (pum) SEM image magnification

Maltose microneedles

Admin Pen™ 1200 Admin Pen™ 1500

Length (n=10) %400 505.90+9.54
%200 1108.30+21.81 1396+8.89
Tip-to-tip distance (n=10) %400 353.30+13.82
%100 1638.60+10.15 2010.70+12.68
Base
Shape Equilateral triangle Rectangle Rectangle
Dimensions (n=10) %400 223.70+13.16
%200 456.20+9.58 (long) 562.90+9.00 (long)

89.80+6.39 (wide) 120.40+9.28 (wide)
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Fig. 3 a Dynamic viscoelastic
properties of untreated
dermatomed porcine ear skin. b
Storage modulus of untreated
dermatomed porcine ear skin and
microneedle-treated skin. ¢ Loss
modulus of untreated
dermatomed porcine ear skin and
microneedle-treated skin. Admin
1200 Admin Pen™ 1200, Admin
1500 Admin Pen™ 1500, MLT-
MN maltose microneedle

Magnified view of a small portion of microneedle-treated
site showed that methylene blue dye diffused along the pe-
riphery of the microchannels into the lower epidermal tissue,
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however, did not stain other areas on the skin samples.
Figure 4 represents several stained microspots on the skin with
the distance between them in accordance with the tip-to-tip
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Fig. 4 Microchannels created in
dermatomed porcine ear skin. a
Untreated skin; b, ¢ maltose
microneedle array and the
channels; d, e Admin Pen™ 1200
array and the channels; f, g
Admin Pen™ 1500 array and the
channels

distance of microneedles on arrays. This shows that the
microchannels were created only by the microneedles. In oth-
er words, the substrate of maltose and Admin Pen™
microneedles did not disturb the barrier function of the stratum
corneum. Hair follicles did not take up methylene blue and
therefore did not show up by staining. As shown in Fig. 1, an
array of maltose microneedles, Admin Pen™ 1200, and
Admin Pen™ 1500 provided a pore density of 81, 43, and
31 pores/0.64 cm?, respectively. These results were in agree-
ment with the microneedle density on the array provided by
Elegaphy and AdminMed [24]. The base of maltose
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microneedles was found not to have a significant effect on
the stratum corneum barrier as also reported by Kolli and
Banga [5]. The center-to-center distance between any two
adjacent microchannels created by maltose microneedles
within the same line and two adjacent lines was 370.74+
41.42 and 1130.34+£63.68 um, respectively, while Admin
Pen™ 1200 and Admin Pen™ 1500 formed microchannels
that were 1650.71+109.33 and 2046.75+127.22 pm apart,
respectively (n=5). These results were similar to our earlier
study that used methylene dye binding studies for maltose
microneedle treatment on full-thickness hairless rat skin and
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reported the distance between two microchannels within the
same line and two adjacent lines to be 376.38+14.37 and
1071.10+£64.92 um, respectively [5].

Histology studies

Vertical sectioning perpendicular to the surface of the skin was
used to visualize 10-pm-thick cryosections of the
microneedle-treated skin samples under a Leica DM 750 mi-
croscope with different magnifications. Moreover, histologi-
cal sectioning images depicted the morphology of
microchannels in the skin.

The vertical sections of the skin samples in Fig. 5 indicate
that the cross section and shape of microchannels were con-
sistent with the geometry of microneedles characterized by
SEM studies. The pyramidal maltose microneedles created
somewhat triangular sections, while Admin Pen™ provided
nearly rectangle-shaped sections.

Confocal microscopy studies

The depth and surface area of microchannels were studied by
Leica SP8 confocal laser microscopy without any dimensional
distortions during physical sectioning.

Hair follicles did not show up in the confocal images
(Fig. 6) which revealed that calcein did not transport through
follicular pathway. As the micropores greatly differed in their
shape, it was not advisable to measure the diameter of the
pores in the treated skin. Instead, confocal images of micro-
pores of various magnifications were analyzed by Image]J soft-
ware to calculate the surface area of the pores. The surface
area of the pores formed by maltose microneedles, Admin
Pen™ 1200, and Admin Pen™ 1500 was found to be
12018.01+2682.68 um? (55.29 % of the average needle base
area), 23681.45+2434.16 um? (57.79 % of the average needle
base area), and 47967.86+15315.1 um? (70.77 % of the av-
erage needle base area), respectively. The results are presented
as the mean pore surface area=SD (n=10). This observation
could be co-related with the literature that reports the contrac-
tion of channels in a relatively short time after microneedle
removal due to the inherent elasticity of the skin [16, 32].

The number of microchannels created on the diffusion area
of skin samples multiplied with the surface area of each chan-
nel gave the total surface area of the microchannels created by
each kind of microneedles (shown in Fig. 7).

Figure 7 illustrates that the total surface arca of
microchannels created by Admin Pen™ 1500 on the diffusion
area was significantly greater than that created by maltose
microneedles and Admin Pen™ 1200 (p<0.05). The surface
area of microchannels needs to be considered for transport and
potential infection considerations [18].

A z-stack was defined as a sequence of basic images cap-
tured at the same horizontal position (x, y) but at different
imaging depths (z). The z-stack was conducted at different
steps starting from the skin surface to the end of
microchannels or the point where the signal of calcein visually
disappeared. The step size of z-stack was either 5, 10, or
20 pm. The z-stack indicated the depth that the channels could
reach in the dermatomed porcine ear skin as presented in
Table 2. The results showed that an increase in needle length
from 500 to 1100 and 1400 um significantly enhanced the
depth of the microchannels in the skin. As shown in Fig. 8,
the intensity of calcein decreased along the microchannels.

Based on confocal microscopy images, the morphology of
micropores followed the geometry of microneedle base on
arrays. In particular, maltose microneedles created nearly tri-
angular microchannels while oval-shaped channels were ob-
served in confocal images of the skin samples treated with
either Admin Pen™ 1200 or Admin Pen™ 1500. Similar
findings where the surface morphology of the pores was ob-
served to be noticeably close to the shape of the microneedles
have been reported by other researchers [5]. The depth of
microchannels in the present study was consistent with the
statement of Martanto et al. that, typically, only 10-30 % of
the microneedle length penetrated the tissue [33]. In other
projects, the depth of the channels made by maltose
microneedles was found to be 153.33+20.82 um [16] or
160 um [5]. A possible explanation for the lower penetration
of microneedles was proposed that at first contact with the
skin, part of the needles just indent the skin while the rest
penetrates after a sufficient pressure is applied [33]. The depth
of microchannels depended on the insertion pressure of
microneedles, needle density, viscoelasticity, and integrity of

Fig. 5 Histological sectioning images of untreated skin (a) and those treated by maltose microneedles (b) or Admin Pen™ 1500 (c)
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Fig. 6 Confocal images of skin samples treated with a maltose microneedles, b Admin Pen™ 1200, and ¢ Admin Pen™ 1500

skin samples [34]. The stratum corneum of the human skin is
10—15 pum in thickness, while the thickness of epidermis is
50-100 pm [10]. Based on the depth of microchannels,
microneedles would most likely reach the skin dermis.

Pore uniformity studies

The fluorescent images were analyzed by Fluorophore soft-
ware for the volumetric distribution of calcein in and around
each pore. The PPI is an accurate, reliable, and ratiometric
indicator of the relative flux for each pore. As shown in
Fig. 9, the average PPI values of pores created by maltose
microneedles (70 pores) and Admin Pen™ 1200 (35 pores)
and Admin Pen™ 1500 (29 pores) microneedles were 11.70+
4.40, 32.1£21.61, and 63.90+27.12, respectively. One of the
pores created by Admin Pen™ 1200 and Admin Pen™ 1500
was assigned zero PPI value, while all the channels created by
maltose microneedles were included in the analysis.

The bell-shaped distribution pattern of the PPI histogram of
pores created by maltose microneedles indicated the uniformi-
ty of the pores. This result was similar to that of our previous
report that maltose microneedle arrays provided relatively uni-
form channels (average PPI values 2.30+1.27 for 79 pores)

Fig. 7 The total surface area of

microchannels created by 2500000
microneedles (asterisks indicate &E
the st.atistical difference from = 2000000
Admin 1500 and MLT-MN and a
Admin 1200 groups). Admin n
1200 Admin Pen™ 1200, Admin -:-UI 1500000
1500 Admin Pen™ 1500, MLT- o
MN maltose microneedle g
S 1000000
‘€
=}
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© 500000
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[5]. Besides, the pore uniformity studies also showed that the
pores created by Admin Pen™ 1500 (63.90+27.12, n=29)
were bigger and less uniform than those created by Admin
Pen™ 1200 (32.1+£21.61, n=35). This observation was also
in agreement with the results of the dye binding and confocal
studies as reported earlier.

Transepidermal water loss measurement

Prior to permeation experiments, the integrity of skin samples
and the formation of microchannels were investigated by
TEWL measurement studies [23]. The symbols of different
skin treatment groups are elaborated in Table 3. The TEWL
values of the skin with different microneedle treatment
methods are shown in Fig. 10.

An increase in needle length from 500 pum (maltose
microneedles) to 1100 um (Admin Pen™ 1200) and
1400 um (Admin Pen™ 1500) enhanced the TEWL values
from 31.10+5.67 to 40.73+13.11 and 43.33+9.73 g/m’h, re-
spectively. This trend was consistent with the results of the
depth and surface area of microchannels previously character-
ized by the confocal microscopy studies. In the present study,
significantly higher TEWL values were found in the case of
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Table 2  The average depth of microchannels

Microneedles Depth of microchannels (um) (n=10)

Maltose microneedles 140.5+10.12
Admin Pen™ 1200 242.54+22.27
Admin Pen™ 1500 278+33.35

Admin Pen™ 1200 (Admin 1200) (»p=0.025) and Admin
Pen™ 1500 (Admin 1500) (p=0.004) groups than the control
group. Besides, 30-min equilibration time after maltose
microneedle insertion (M3OE) increased the TEWL value to
33.50+5.44 g/m*h. Similar results were observed by Gomaa
et al. [20, 23] and Badran et al. [11] that as the equilibration
time after microneedle treatment increased, the TEWL value
first increased, reached the maximum level at 1 h, and then
eventually decreased due to the closure of the micropores over
time. However, there was no significant difference of TEWL

60 um 70 um 80 um

values between groups of different treatment durations or of
different kinds of microneedles (p>0.05). In the literature,
microneedle insertion period of 3 or 5 min was found to pro-
duce similar TEWL plot [20]. The TEWL measurement con-
cluding a positive correlation between TEWL values and
microneedle length has also been reported in other researches
[11, 35]. An increase in TEWL values due to microneedle
treatment was an indicator that all microneedles used in the
present experiments successfully disrupted the stratum
corneum and integrity of the skin. This change was compara-
ble to that already mentioned in the literature that the TEWL
values of skin samples were enhanced sharply by microneedle
insertion [16, 20, 22]. The basal TEWL value measured for
control group was 20.93+2.68 g/m*h. This value was similar
to the reported values in other projects where Gomaa et al.
estimated the TEWL value of untreated full-thickness porcine
ear skin to be 29.40+2.60 g/m>h [23] and Elmabjoubi et al.
measured the basal TEWL value of about 35 g/m>h [36].

40 um

90 um 100 um 110 um

120 pm 130 um 140 um

150 um 160 um 170 um

180 um

Fig. 8 Confocal microscopy z-stack of microchannels created by Admin Pen™ 1200

190 pm 200 pm

210 pm 220 pm 230 pm
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Fig. 9 The microchannels with
pore permeability index (PP])
values and histogram of a, b
maltose microneedles; ¢, d
Admin Pen™ 1200; and e, f
Admin Pen™ 1500
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Table 3  Group symbols of different skin treatment methods

No. Symbols Dermatomed porcine ear skin treatments

1 Control No microneedles, no equilibration

2 Control 30E No microneedle treatment, 30-min equilibration

3 MLT-MN Maltose microneedle treatment for 1 min, no equilibration

4 MLT-MN 2 min Maltose microneedle treatment for 2 min, no equilibration

5 MLT-MN 4 min Maltose microneedle treatment for 4 min, no equilibration

6 MLT-MN 30E Maltose microneedle treatment for 1 min, 30-min equilibration

7 30E MLT-MN Maltose microneedle treatment for 1 min, 30-min equilibration prior to the microneedle insertion
8 Admin 1200 Admin Pen™ 1200 treatment for 1 min, no equilibration

9 Admin 1500 Admin Pen™ 1500 treatment for 1 min, no equilibration
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Fig. 10 Transepidermal water 60
loss values of skin treated by
different microneedles (asterisks 50
indicate the statistical difference ”;
from control group) B 40
B 30
+
s 20 o
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10
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In vitro permeation studies using vertical Franz diffusion
cells

The effect of variation in needle length, equilibration time, and
treatment duration on permeation of vismodegib was evaluated
in vitro using dermatomed porcine ear skin. Skin that was nei-
ther pierced by microneedles nor equilibrated was selected as
control. No vismodegib was expected to penetrate the skin
when the passive diffusion experiments were performed [27].
The amount of vismodegib permeated across the skin treated
with different methods was plotted as a function of time (n=4).

According to Fig. 11, maltose microneedle treatment
(14.50+2.35 pg/cm?) delivered a significantly smaller amount
of drug to the receptor than Admin Pen™ 1200 (32.38+
3.33 pg/em?) (p=0.000) and Admin Pen™ 1500 (74.40+
15.86 pg/em?) (p=0.000). Also, significantly higher amount
of drug permeated through the skin treated by Admin Pen™
1500 than that by Admin Pen™ 1200 (p=0.002). This data
was consistent with the study of Badran et al. that also showed
an increase in drug delivery with an increase in needle length
[11]. The difference in the permeation results of maltose
microneedle (MLT-MN), Admin 1200, and Admin 1500
might be explained due to the difference in the length and

Fig. 11 In vitro permeation

100
profile of vismodegib through E o
microneedle-treated porcine ear =
skin: maltose microneedle, E g
Admin Pen™ 1200, and Admin o 10
Pen™ 1500 (asterisks indicate the G 60
statistical difference between 5 50
MLT-MN and Admin 1200 3 40
groups and between Admin 1200 E 30
and Admin 1500 groups) € 20
S, 10
o -
z 0

MLT-MN ~ MLT-MN  MLT-MN  MLT-MN Admin 1200Admin 1500

2min 4min 30E

Microneedle treatments

density of needles and the depth and surface area of
microchannels. In particular, Admin Pen™ 1500, being the
longest among the three (1396+8.89 um), produced the
deepest channels in the skin (278+33.35 pum). Moreover,
Admin Pen™ 1500 had the greatest average total surface area
of microchannels and the lowest needle density (31 needles/
cm?) to avoid “bed of nails” effect. Most drug molecules per-
meated through micropores rather than through the skin sur-
rounding the channels [22]. These characterization results ra-
tionally supported the highest amount of drug delivered
through Admin Pen™ 1500 treatment. However, the possibil-
ity of pain and damage to the small blood capillaries resulting
in bleeding with the use of longer microneedles exists, as they
are most likely to reach the nerve fibers. Also, the greater
surface area of channels may offer potential entry to bacteria
or other foreign substances in the skin tissues [18]. In other
experiments, the equilibration was performed before maltose
microneedle treatment (30E MLT-MN) to compare with the
group where the 30-min equilibration time was given after the
microneedle insertion (MLT-MN 30E). The treatment
methods of different groups are mentioned in Table 3. The
in vitro permeation profiles of vismodegib in 30E MLT-MN,
MLT-MN 30E, MLT-MN, control 30E, and control groups

| |

4 8 12 16 20 24
Time (h)

—e—MLT-MN —e—Admin 1200 Admin 1500
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were obtained from four replicates for each group. The results
of cumulative amount of drug delivered per the diffusion area
are illustrated in Fig. 12.

The enhanced delivery of vismodegib by maltose
microneedle treatment was explained by the TEWL value
measurement, dye binding, histology, and confocal microsco-
py studies that proved maltose microneedles pierced the stra-
tum corneum and entered the dermis layer, thereby disturbing
the skin barrier function. The similar result was obtained in the
research of Kolli and Banga where solid maltose microneedles
significantly increased the delivery of nicardipine hydrochlo-
ride through hairless rat skin in vitro and in vivo [5]. Besides,
the magnitude of enhancement varied according to the phys-
icochemical properties of drug, viscoelasticity of skin, and
microneedle treatment methods. Without maltose microneedle
treatment, the equilibration did not affect the permeation pro-
file of vismodegib considerably as no significant difference
between control (0.00+0.00 pg/cm?) and control 30E (1.31+
1.22 pg/em?) groups was observed (p=0.076). Both the 30-
min equilibration time before and after the microneedle inser-
tion significantly increased the permeability of vismodegib as
compared to MLT-MN group (p<0.05). Besides, the use of
equilibration before maltose microneedle treatment (30E
MLT-MN, 36.28+11.21 ug/em?) did not give statistically dif-
ferent drug delivery from the group where the skin tissues
were equilibrated after the insertion (MLT-MN 30E, 31.92+
14.00 pg/em?) (p=0.64).

The similar effects of equilibration time on drug transder-
mal permeability have been discussed in the literature where
the delivery of Rhodamine B was enhanced by 1-h equilibra-
tion [23]. Our previous study using full-thickness porcine ear
skin indicated that vismodegib mostly remained in the stratum
corneum and negligible amount was delivered to the receptor
chamber [27]. Therefore, the reduction of thickness of skin
dermis layer by dermatoming did not enhance the amount of

Fig. 12 In vitro permeation 50
profile of vismodegib through
microneedle-treated porcine ear
skin: 30E MLT-MN, MLT-MN
30E, MLT-MN, control 30E, and
control (asterisks indicate the
statistical difference from MLT-
MN group)

15

Avg. Cum. Amt / sq.cm * SD (ug/sg.cm)
N
(6]

drug penetrated across the skin as found in the control group
(0.00+0.00 pg/cm?).

The effect of different maltose microneedle treatment du-
rations (1, 2, and 4 min) on transdermal delivery of vismode-
gib was plotted in Fig. 13 (n=4). It was observed that an
increase in the needle insertion time from 1 to 2 min resulted
in an insignificant increase in the amount of drug delivered
(»=0.054). However, there was significant enhancement in
drug permeation when the treatment duration increased from
1 min (MLT-MN, 14.50+2.35 pg/cm?) to 4 min (MLT-MN
4 min, 49.00+£13.09 pg/cm?®) (p=0.002). Thus, the 4-min
treatment duration delivered the greatest amount of drug
among the groups (MLT-MN, MLT-MN 2 min, MLT-MN
4 min). The present study was supported by other projects
where the permeability of galanthamine was enhanced by an
increase in the insertion time. This has been explained by Li
et al. that during shorter duration of treatment, the skin con-
tracts rapidly and microchannels close shortly, thereby pro-
ducing lower skin permeability. For longer treatment duration,
the skin around the channels causes reversible plastic defor-
mation, delays elasticity recovery, allows the channels to sus-
tain longer, and causes significant increase in skin permeabil-

ity [37].
Skin disposition studies

Tape stripping is a useful technique to investigate the amount
of drug in the stratum corneum and underlying layers of the
skin samples. Vismodegib was extracted from tapes and skin
using 2 ml ethanol before being quantitatively analyzed using
the gradient HPLC method. The amount of drug in the stratum
corneum and dermatomed skin of MLT-MN, Admin 1200,
and Admin 1500 groups is shown in Fig. 14 (n=4).

As shown in Fig. 14, there was an insignificant difference
in the total amount of vismodegib retained in the skin samples

—e—30E MLT-MN  —e—MLT-MN 30E
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Fig. 13 In vitro permeation
profile of vismodegib through
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treated using different methods (MLT-MN, Admin 1200, and
Admin 1500) (p>0.05). The drug level in the stratum
corneum in MLT-MN group (24.16+3.40 pg/cm®) was not
significantly higher than that in Admin 1200 group (17.80+
8.15 pg/em?) (p=0.20). However, Admin Pen™ 1500 pro-
duced a statistically lower level of vismodegib in the stratum
corneum than maltose microneedles (p=0.018).

In order to investigate the effects of 30-min equilibra-
tion on the amount of drug in skin layers, skin samples
harvested from in vitro permeation studies of control and
control 30E groups (n=4) were analyzed for skin dispo-
sition data.

Figure 15 indicates that the amount of vismodegib in
the stratum corneum layer in the two groups was not sig-
nificantly different (p=0.36). However, the total amount
of drug in the skin in control 30E group (57.69+20.14 ug/
cm®) was significantly higher than that in control group

Fig. 14 The amount of 60
vismodegib in skin layers: MLT-
MN, Admin 1200, and Admin
1500 (asterisk indicates the
statistical difference between
MLT-MN and Admin 1500

50

40

8 12 16 20 24
Time (h)

MLT-MN 4min

(24.51+7.85 pg/em?) (p=0.022). As shown in Fig. 12, an
insignificant difference in the drug level in the receptor
between control and control 30E groups was observed
(p=0.076). Therefore, 30-min equilibration time was
found to assist the drug entry into deeper skin layers.
This finding may be explained due to the hydration of
skin samples after the equilibration time.

SKin irritation test

An in vitro EpiDerm™ skin irritation test on the reconstructed
human epidermal model EpiDerm (EPI-200-SIT) was con-
ducted to investigate the irritancy level of vismodegib solution
in PG (7 mg/ml). The results were plotted as means+SD (n=
3) for drug formulation, positive control, and negative control
in Fig. 16.
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Fig. 15 The amount of 90
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As shown in Fig. 16, the mean viability of the nega-
tive control was 100.0+£24.23 %, while that of the posi-
tive control was 3.3+£0.56 %. The mean relative tissue
viability of three individual tissues exposed to vismode-
gib formulation was 97.1+1.44 % that was greater than
50 %. The skin irritation test results showed that vismo-
degib solution in PG (7 mg/ml) was non-irritant (NI) to
the reconstructed human epidermal model EpiDerm [29].
The experiment thus proved that vismodegib formulation
could be applied safely on animal skin without any irri-
tation [28].

Conclusion

The present study indicated that transdermal delivery of
vismodegib across dermatomed porcine ear skin was en-
hanced by microneedle treatment. The difference in the
in vitro drug permeation profile was affected by the needle
length, equilibration time, and microneedle treatment dura-
tion. Scanning electron microscopy was utilized to charac-
terize the geometry and dimensions of microneedles.

Control 30E Control Control 30E
Total skin

Microneedle Treatments

Successful microporation of the skin samples was con-
firmed by dye binding and histology studies.
Characterization of pore uniformity by calcein imaging
showed that channels created by maltose microneedles
were more uniform than those formed by Admin Pen™.,
In the in vitro permeation studies, the mean cumulative
amount of drug permeated through the skin at 24 h by malt-
ose microneedles was significantly lower than that by
Admin Pen™ 1200 and Admin Pen™ 1500 (p<0.05).
Equilibration time after microneedle treatment significantly
increased the amount of vismodegib delivered to the recep-
tor chamber (»<0.05). There was a positive correlation be-
tween the vismodegib transdermal delivery and the
microneedle treatment duration. The amount of drug
retained in skin layers was determined and compared be-
tween different treatment groups. In vitro irritation test on
the reconstituted human epidermal model EpiDerm validat-
ed that vismodegib solution in propylene glycol (7 mg/ml)
was non-irritant. The present study thus investigated the
effect of needle length, equilibration time, and microneedle
treatment duration on the delivery of vismodegib through
dermatomed porcine ear skin.
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