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ABBREVIATIONS

ANOVA Analysis of variance

AUC Area under the plasma concentration-time curve
BA Bioavailability

Crax Maximal plasma drug concentration

3D Three-dimensional

2D Two-dimensional

HGA HGA 64: hydrophilic acrylic adhesive

HPLC High performance liquid chromatography

5-HT 5-hydroxytryptamine

LD Lauric acid diethanolamide

V. Intravenous

MN(s) Microneedles array(s)

Nikasol Nikasol TS620: 2-propenoic acid, 2-ethylhexyl ester polymer

with methyl 2-propenoate

OCT Optimal coherence tomography

PBS Phosphate buffered saline

P.LL Primary Irritation Index

s.C. Subcutaneous

SDS Sodium dodecyl sulfate

S.E. Standard error of the mean

SS Sumatriptan succinate

TEWL Transepidermal water loss

T max Time to maximal plasma drug concentration



ABSTRACT

Sumatriptan succinate (SS), a selective serotonin 5-hydroxytryptamine (5-HT) agonist at
the 5-HT,5 and 5-HTp receptors, is the most frequently prescribed migraine therapy among a
class of drugs known collectively as the triptans. SS has been commercialized for
administration by oral, nasal spray and subcutaneous injection. Unfortunately, these
formulations are associated with variety of limitations that can lead to patients’ delay or avoid
treatment. For example, the difficulty in taking an oral medication due to the nausea and
vomiting that often accompany migraine, and the low bioavailability of oral and nasal spray
(15% and 17%, respectively), as well as the skin site reactions and the reluctance of
self-injection associated with subcutaneous injection. Therefore, in order to suppress those
limitations while sustaining the therapeutic efficacy of SS, an alternative more effective SS
delivery method is necessary for anti-migraine therapeutics. Transdermal drug delivery allows
the permeation of drugs across the skin and enters into the systemic circulation, thus avoiding
degradation by the gastrointestinal tract and hepatic first-pass metabolism. This delivery
system is considered to be user-friendly, and is convenient administration. However, its
application is limited to only a few hydrophobic low molecular compounds because of the
outermost skin barrier layer, stratum corneum. In particular, SS has high hydrophilicity (log
Pon7.4 =— 0.86) and it is difficult to pass through the skin barrier.

Based on these observations, in this study, | attempted to investigate two types of
methodologies to improve the transdermal delivery of SS, including SS-incorporated passive
patch and SS-loaded microneedle array (MN). An acrylic polymer emulsion, pressure
sensitive adhesive Nikasol was chosen to prepare the SS-incorporated patch, and compared
with a hydrophilic acrylic adhesive HGA. On the other hand, a novel self-dissolving MN was
fabricated by employing sodium hyaluronate as the basic material. VVarious parameters such

as needle lengths, thickness, and density as well as penetration enhancers were evaluated to

-2-



enhance in vitro skin permeation of SS from MNSs. Furthermore, the in vivo efficacy of the

SS-loaded MNs for transdermal delivery of SS was characterized.

1. Development of a transdermal water emulsion patch system incorporating SS

Two types of transdermal patches containing SS were prepared, using either water
emulsion resin Nikasol (SS Nikasol patch) or hydrophilic acrylic adhesive HGA (SS HGA
patch). The contents of SS in both formulations were 20% (w/w). The thickness of all patches
used ranged from 40 to 45 um. In vitro permeated studies showed that the permeability of SS
from the Nikasol patch was greater than that of the HGA patch, making it an excellent
candidate for the development of SS transdermal patches. It was also found that SS
permeation from the Nikasol patch was lower in humans, as compared to rats. An increase in
transepidermal water loss was observed after application of both types of patches, however,
this parameter gradually recovered to baseline, suggesting that the skin barrier disruption was
reversible. No visible irritation appeared after application of the transdermal patches to rat
skin during the experimental period. Furthermore, in vivo pharmacokinetic studies indicated
that the absorption of SS from Nikasol patch was significantly higher than that of the HGA
patch, which was well consistent with the in vitro skin permeation results. In addition, SS was
effectively absorbed from Nikasol patch through the skin and associated with relatively
greater absolute bioavailability than that of oral administration, achieving a consistent plasma
concentration over an extended period of time. These findings demonstrated that the novel
patch system fabricated from emulsion Nikasol was a useful and promising alternative

method to improve transdermal delivery of SS without any serious skin damage.

2. Development of a novel self-dissolving MN loaded with SS
SS-loaded MNs with different needle length, thickness, density and penetration enhancers

were fabricated from sodium hyaluronate. All the needles were tapered cone-shaped in a
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circular array with a diameter of 10 mm. MNs with the length of 800 um could effectively
improve the transdermal permeability of SS compared with that of 500 um. No distinct
enhancement was obtained by increasing the thickness of MNs or by adding penetration
enhancers in the prescription of MNs. Further, skin permeability of SS could be significantly
improved after increasing needle numbers. Therefore, high density MNs with needle length of
800 um were chosen for the subsequent studies.

The resulting SS-loaded MNs possessed sufficient mechanical strength to successfully
puncture the skin barrier and maintained their skin piercing abilities for at least 30 min after
being placed at a high relative humidity of 75%. Optical coherence tomography images
demonstrated that the MNs uniformly created drug permeation pathways after being inserted
into the skin. Almost all of the formulated SS was released from the MNs at a relatively
constant rate within 1 h via an in vitro release study. It was also noted that needles began to
dissolve upon application onto rat skin in vivo and were completely dissolved within 1 h.
These findings suggested that the novel MNs had biocompatible properties and SS appeared
to be rapidly released from these MNs. Moreover, MNs significantly increased transepidermal
water loss; however, skin barrier function gradually recovered to control levels within 24 h, in
contrast to the skin damage observed after tape stripping treatment. These findings indicated
that the micro-scale pathways created by the microneedles quickly resealed, and that the skin
damage was reversible, which were highly consistent with the rapidly recovery of micropores
created by insertion of blue dye contained MNs into rat skin. Furthermore, a dose-dependent
plasma concentration of SS was obtained after treatment with SS-loaded MNs in rats.
Pharmacokinetic characteristics indicated that absorption of SS delivered by MNs was similar
to that observed after subcutaneous injection and was associated with high bioavailability
(~90%), which was much higher than that produced by oral administration. These findings
suggested that application of SS-loaded MNs to the skin provided an effective alternative

approach to enhance the transdermal delivery of SS without serious skin damage, while
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avoiding the pain caused by usage of hypodermic needles.

In conclusion, the present findings indicated that both the water emulsion patch choosing
Nikasol as an adhesive and the self-dissolving MN fabricated from sodium hyaluronate were
useful and promising alternative approaches to improve transdermal delivery of SS without
serious skin damage. Further, the novel MN seems to be a much more effective method in
clinical application due to the reasonable administration size and rapid onset of action, would

be likely to improve patient compliance.



INTRODUCTION

Migraine is a chronic, intermittent neurologic disease characterized by episodes of
headache and usually associated with nausea, vomiting, and sensitivity to light, sound and
head movement; symptoms that typically last for 4-72 h [1,2]. The mainstay of acute migraine
treatment is the so-called “triptans” Sumatriptan succinate (3-[2-(dimethylamino)ethyl]-N
-methyl-1H-indol-5-methane-sulfonamide succinate, SS) (Fig. 1) is the first member of a
class of drugs known collectively as triptans [3,4]. It is a selective serotonin
5-hydroxytryptamine (5-HT) agonist that activates the 5-HT;g and 5-HTyp receptors for the
treatment of acute migraine attack. SS provides migraine relief by binding to 5-HT; receptors
in the brain, resulting in the constriction of extracerebral blood vessels within the cranial
vasculature and the inhibition of inflammatory mediator release from sensory nerve endings

in the trigeminal system, thus preventing nociceptive transmission [5,6].

N
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(Journal of Drug Delivery Science and Technology, Figure 1)
Fig. 1. Chemical structure of sumatriptan succinate (MW = 413.49 Da; pKa = 4.21, 5.67; log

PpH 74— — 086)

SS has been commercialized for administration by oral, nasal spray and subcutaneous
injection. Unfortunately, these formulations are associated with variety of limitations that can
lead to patients’ delay or avoid treatment [7]. Oral intake of SS is related to nausea and

vomiting associated with a migraine episode. Furthermore, due to pre-systemic metabolism
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and incomplete absorption, SS also has poor oral bioavailability (BA, 15%) [8-10]. Intranasal
SS has low BA (17%), similar to oral SS, and can have a bitter taste and cause nose or throat
discomfort [11]. Subcutaneous SS has a much higher BA (97%); however, injections
sometimes associated with skin site reactions and atypical sensations, such as sensations of
tingling, heat, pruritus or tightness, as well as the reluctance of self-injection [12]. Therefore,
In order to suppress those limitations, an alternative more effective SS delivery method is
necessary for anti-migraine therapeutics. Transdermal drug delivery allows drugs to permeate
the skin and enter into systemic circulation, thus avoiding degradation by the gastrointestinal
tract and hepatic first-pass metabolism. This delivery system is considered to be user-friendly,
and is easily terminated [13,14]. However, its application is limited to only a few hydrophobic
low molecular compounds because of the outermost layer of skin, stratum corneum. In
particular, SS has high hydrophilicity (log Pp+74 = — 0.86) and it is difficult to pass through
the skin barrier [3,15,16]. Previous studies have involved a number of methods [16-20] to
enhance the transdermal delivery of SS through the skin. Femen B-Font et al. [16] improved
passive diffusion of SS through skin by combining it with a variety of chemical enhancers.
Patel et al. [17] confirmed that significant amounts of SS could be delivered across the skin
from solution formulations using an iontophoretic patch system. However, there are several
disadvantages to such methods, including the large doses required, external devices, and
adverse reactions at the application site.

Recent work has investigated the effect of adhesive factors on the in vitro and in vivo
characteristics of candidate transdermal systems [21,22]. The choice and design of the
pressure sensitive adhesive are critical, because it has a strong effect on the drug release and
wear properties of the patch [23,24]. Nikasol TS620 (2-propenoic acid, 2-ethylhexyl ester
polymer with methyl 2-propenoate, Nikasol), is an acrylic fiber system water emulsion resin.
Nikasol has recently been shown to be a highly effective pressure sensitive adhesive in

transdermal delivery system. Nikasol has several distinguishing characteristics that make it
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suitable for use as an adhesive in the preparation of transdermal patch systems. First, Nikasol
has high biocompatibility and physicochemical compatibility with many drugs, as well as
other components of the system, such as penetration enhancers. This is important, as
biocompatibility and physicochemical compatibility are primary consideration when choosing
an adhesive. Further, Nikasol adhesion is lasting, which is necessary and important for
long-term transdermal administration. Finally, Nikasol has a low risk of skin irritation, which
improves the likelihood of patient compliance.

Based on these findings, we sought to develop a novel transdermal patch containing SS
fabricated from Nikasol. Additionally, we assessed and compared the characteristics between
Nikasol- and HGA-fabricated SS patches, because we previously reported the use of the
hydrophilic acrylic adhesive HGA 64 in the development of a novel transdermal patch for the
administration of alendronate, a nitrogen-containing bisphosphonate used in the treatment of
osteoporosis [25]. The adhesion properties of the SS-incorporated patches were determined. In
vitro skin permeation of SS from the patches was also examined. Moreover, disruption and
irritation of skin after their application was assessed to confirm the safety of the patches.
Further, in vivo transdermal absorption characteristics of SS from the patches were evaluated.

Although the patch system choosing Nikasol as an adhesive was feasible to improve the
transdermal delivery of SS, the large patch size would be inconvenient in practical application.
Therefore, another method to further improve the skin permeability of SS was necessary. In
recent years, microneedle arrays (MNSs) have received much attention as a novel, minimally
invasive approach. These micron-sized needles disrupt the stratum corneum and create
micro-scale pathways that can effectively increase transdermal transport of drugs [26-28].
These needles are long enough to breach the skin’s barrier to allow for drug transport, yet are
short enough to avoid stimulating skin nerves, and therefore are painless in contrast to
hypodermic needles [29,30]. MNs have been applied to the delivery of many types of

compounds, ranging from low molecular weight drugs to proteins, plasmid DNA, as well as
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the influenza virus [31-35]. In the previous researches, most MNs have been fabricated from
silicon [34,36,37], metals [31,33,35,38,39] and glass [40]. However, these types of MNs are
limited by their expensive material costs or an undesirable two-step administration process. In
addition, choosing silicon, metals or glass as the basal material raises safety concerns, since
MNs can be accidentally broken and may remain in the skin after application.

To overcome these shortcomings and limitations, MNs fabricated from biocompatible and
biodegradable polymers [41-44] and water-soluble carbohydrates [45-49] have been
developed recently. These MNs were completely degraded or dissolved in the skin interstitial
fluid, thereby releasing their encapsulated drug; a one-step application. Nevertheless, the
development of dissolving MN systems presents many obstacles. For example, fabrication of
MNs at high temperatures can reduce the activities of their heat-sensitive cargoes, such as
peptides and proteins [41,47,50]. In addition, carbohydrate-based MNs deformed readily
under relatively humid conditions, which negatively affected the mechanical strength of the
needles [46,47,51].

With these findings in mind, we used sodium hyaluronate to fabricate novel
self-dissolving MNs in this study. Sodium hyaluronate is a water soluble polymer of
disaccharides, naturally component of many tissues in the body, such as skin, cartilage and
vitreous humor. It is used as a common ingredient in cosmetics. The high biocompatibility
and other physiochemical properties of sodium hyaluronate make it suitable for preparation of
the self-dissolving MNs. MNs were fabricated by micromolding technologies at room
temperature. The effect of needle length, thickness, density and penetration enhancers on the
skin permeability of SS from the MNs were assessed. Moreover, the properties of hygroscopy,
skin penetration, dissolution and in vitro release of the SS-loaded MNs were investigated. The
disruption, irritation and recovery of skin after their application were further evaluated to
confirm the safety of these MNs. Furthermore, in vivo transdermal delivery of SS was

evaluated and compared with subcutaneous (s.c.) injection or oral administration in rats.
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CHAPTER 1 Development of a transdermal water emulsion patch system

incorporating SS

SS is a drug with high hydrophilicity, and as such, SS does not easily pass through the
stratum corneum barrier. | attempted to develop a novel transdermal patch fabricated from
Nikasol, an acrylic fiber system water emulsion resin, to enhance the passive delivery of SS in
sufficient therapeutic amounts. Importantly, the Nikasol-fabricated patch was simple in
structure and did not require additional chemical enhancers or external devices to exert its
effect on migraine.

For the SS-incorporated patches, an important problem is the appearance of crystallization.
Crystallization can significantly reduce the release of drug from the patches. | tried to
improve drug content, meanwhile, avoiding the generation of crystallization after long storage.
It was found that SS could be incorporated up to 20% (w/w) without crystallization. Thus, an
SS content of 20% was selected to give a similar driving force between the concentration gap
and saturation concentration. Moreover, when the concentration of drug and other additives is
same, a thicker adhesive layer is able to deliver higher amount of drug to the skin. The
thickness of 40-45 um was thus chosen to obtain relatively high cumulative skin permeability
of SS. Additionally, our patches possessed good adhesive properties with the thickness.

In this study, the characteristics of Nikasol-fabricated patches were compared with a
previously reported [25] hydrophilic acrylic adhesive HGA-fabricated patches. To determine
the adhesion properties of the SS-incorporated patches, peel adhesion force and tackiness
were measured. Furthermore, in vitro permeation of SS across human and rat skin was
examined, and transepidermal water loss (TEWL) was determined to investigate skin barrier
disruption caused by the transdermal patches. In vivo studies evaluated the pharmacokinetic
characteristics of SS in the transdermal patch formulation, as well as the pharmacokinetic

characteristics of intravenous (i.v.) and oral administration in rats for comparison.
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1.1. Materials

SS was purchased from Jiudian Pharmaceutical Co., Ltd. (Hunan, China). Nikasol TS620
was purchased from Nippon Carbide Industries Co., Inc. (Tokyo, Japan). HGA 64 was kindly
provided by CosMED Pharmaceutical Co., Ltd. (Kyoto, Japan). Cosmetic concentrated
glycerin was purchased from Miyoshi&Oil Fat Co., Ltd. (Tokyo, Japan). Pentobarbital
sodium was purchased from Kyoritsu Seiyaku Corp. (Tokyo, Japan). Acetonitrile and
ammonium dihydrogen phosphate were purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). DIAFOIL® polyester film (thickness 26 pm) was supplied by Mitsubishi
Plastics, Inc. (Tokyo, Japan). Polyethylene terephthalate film (SPPET7501BU, thickness 75
um) was purchased from Panac. Co., Ltd. (Tokyo, Japan). All other chemicals and reagents
were of analytical reagent grade and commercially available.

Male Wistar rats (8 weeks old, 200 to 250 g) were purchased from Shimizu Laboratory
Supplies Co., Ltd. (Kyoto, Japan). All experiments were performed in accordance with the

guidelines of the Animal Ethics Committee at Kyoto Pharmaceutical University.

1.2. Fabrication of SS-incorporated patches
1.2.1. Methods

Two types of transdermal patches containing SS were fabricated, using either emulsion
Nikasol TS620 (SS Nikasol patch) or hydrophilic acrylic adhesive HGA 64 (SS HGA patch),
as shown in Fig. 2. In detail, SS was completely dissolved in distilled water. The adhesive and
a solubility modifier (glycerin) were added to the drug solution and mixed well. In order to
increase the solvent evaporation rate, suitable ethanol was added and mixed thoroughly to
obtain a homogeneous coating formulation. Air bubbles were removed using a mix-rotor
(MR-3, As One Corp., Osaka, Japan). After bubbles were completely removed, the
formulation was coated onto the backing membrane (DIAFOIL® polyester film) using a knife

coater (SKP 5702, Werner Mathis Ag, Oberhasli, Switzerland) and then dried in a convection
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oven at 100 <€ for 20 min (SS Nikasol patch) or 80 €€ for 10 min (SS HGA patch) to remove
residual water and organic solvents. The release liner (polyethylene terephthalate film) was
laminated on the dried matrix. The morphology and crystallization of patches was observed

using a stereoscopic microscopy (M205C, Leica Microsystems Ltd., Wetzlar, Germany).

leasol or HGA

SS (20%) water solution & ¥
Solvent ’—>
o Stirred Mixture
mixing ” U

Coati Coated on DIAFOIL® polyester film
oating ---> (backing layer)
Drying ---» Dried solvent
Covering - --» Covered with polyethylene terephthalate film
(release liner)

Backing layer
& '3", ke,  Adhesivelayer (drug reservoir)

Release liner

SS Nikasol (HGA) patch

Fig. 2. Fabrication procedure of the SS-incorporated patches.

1.2.2. Results

As shown in Fig. 3A and Fig. 3B, SS possessed good compatibility with two types of
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adhesives at content of 20% (w/w), and SS was dissolved in both adhesives with a uniform
distribution. However, when SS was incorporated up to 25%, the formation of crystallization
in the Nikasol adhesive layer was observed visually as well as by stereoscopic microscopy
after 2 weeks (Fig. 3C). Therefore, based on the above reasons, as the SS content, 20% was
chosen.

The dried thickness of the patches used ranged from 40 to 45 pum, which was determined
using a thickness gauge (TH-102, Tester Sangyo Co., Ltd., Saitama, Japan) and was
calculated by subtracting the combined thickness of the backing membrane and release liner

from the whole patch thickness.

(Journal of Drug Delivery Science and Technology, Figure 2)

Fig. 3. Micrographs of sumatriptan succinate (SS)-incorporated patches after preparation. (A)
SS Nikasol patch containing 20% SS, (B) SS HGA patch containing 20% SS, (C) SS Nikasol

patch containing 25% SS after storage at room temperature for 2 weeks. Bars = 300 um.

1.3. Determination of SS contents in SS-incorporated patches
1.3.1. Methods

Both types of patches were cut into circular shape (area 0.785 cm?, diameter 10 mm).
Each patch sample was weighed accurately and immersed in 10 mL of pH 7.4 phosphate
buffered saline (PBS), and then sonicated and vortexed adequately. The release liner was

separated from the adhesive layer before extraction. The drug content of each patch sample
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was determined using a high performance liquid chromatography (HPLC) system (Shimadzu
DGU-20A3, Kyoto, Japan) equipped with a UV detector (Shimadzu SPD-20A, Kyoto, Japan)
and a reverse phase column (Cosmosil 5C18-PAQ, 4.6 mm > 150 mm, Nacalai U.S.A., Inc.,
San Diego, U.S.A.). The mobile phase consisted of acetonitrile and 0.5 M ammonium
dihydrogen phosphate solution pH 3.3 (5:95). A flow rate of 1.0 mL/min was maintained,

column temperature was 40 €, and the detection wavelength was 228 nm.

1.3.2. Results

The contents of SS in Nikasol patch and HGA patch were 99.8 +1.8% and 99.1 £2.3%
(mean +S.E., n = 6), respectively. Amount of SS in both types of patches was 1.53 mg/cm?.
SS was precisely loaded in both patches in accordance with each dosage with the standard

error below 3%.

1.4. Measurement of adhesion properties of SS-incorporated patches
1.4.1. Methods

To determine the adhesion properties of the SS-incorporated patches, peel adhesion force
and tackiness were measured according to the method described by Ah et al. [21] with slight
modification. In brief, a texture analyzer (SV-52N-50, Imada Seisakusho Co., Ltd, Aichi,
Japan) was used for the determination. Peel adhesion force was measured using the 180 “peel
adhesion test. Patches were cut (2.5 cm > 20 cm) and then applied to a plastic plate. The
patches were smoothened with a 0.5 kg roller 3 times and allowed to adhere for 30 min prior
to being pulled from the substrate at a 180“angle, at a rate of 120 mm/min. The tackiness of
the patches was measured by the probe tack test. Patches were cut (3 cm >3 c¢cm) and attached
to a stainless steel plate. After touching the adhesive layer with a cylindrical probe (diameter
10 mm), the probe was moved back at a rate of 20 mm/min, and the maximum strength was

recorded.
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1.4.2. Results

Peel adhesion forces of the SS Nikasol patch and the SS HGA patch were 756.7 +=10.5
0/2.5cm and 676.7 =44.8 g/2.5cm (mean £S.E., n = 6), respectively. During the test, both
types of SS patch were stripped cleanly from the plate and left no noticeable residue. The tack
values of the SS Nikasol patch and the SS HGA patch were 372.2 +£13.2 g and 288.3 £54.7 g
(mean =S.E., n = 6), respectively. There were no significant difference in the peel adhesion
force or tack values between the SS Nikasol patch and the SS HGA patch (P > 0.05). These

results suggested that both SS-incorporated transdermal patches had good adhesive properties.

1.5. Invitro transdermal permeation of SS from SS-incorporated patches
1.5.1. Methods

In vitro skin permeation tests were performed using a vertical Franz diffusion cell with an
effective diffusion area of 0.95 cm? (FTB-02, FINE Co. Ltd., Osaka, Japan). The abdominal
hair of rats was shaved using a razor (Braun GmbH, Kronberg, Germany), following removal
of hair by an electric clipper (model 900, TGC Inc., Daito, Japan). The full-thickness of the
skin (i.e., epidermis with stratum corneum and dermis) was excised while the animals were
anesthetized with pentobarbital sodium (35 mg/kg). Human abdominal skin was obtained
from the International Institute for the Advancement of Medicine (Jessup, PA, U.S.A.). The
following studies were conducted in agreement with the Ethical Committee of the Kyoto
Pharmaceutical University and informed patient consent. The subcutaneous fat and other
extraneous tissues of human or rat skin were trimmed and removed. A piece of excised skin
(human or rat, area 3.14 cm?, diameter 20 mm) was mounted on the Franz diffusion cell with
the stratum corneum facing the donor compartment. One circular SS Nikasol or SS HGA
patch (area 0.785 cm?, diameter 10 mm) was applied to the stratum corneum side of the skin.
The receptor compartment was filled with 3 mL of pH 7.4 PBS and maintained at 32 € using

a circulating water bath stirred with magnetic bars. At predetermined intervals, 0.3 mL of the
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receptor solution was withdrawn and replaced with an equal volume of fresh medium. The

concentration of SS was analyzed using an HPLC system as described above.

1.5.2. Results

The cumulative SS permeation profiles from the transdermal patches through rat skin are
shown in Fig. 4A. The mean cumulative permeation of SS from the SS Nikasol patch and SS
HGA patch after 24 h was found to be 745.9 + 21.5 ug/cm2 and 224.3 + 68.4 pg/cmz,
respectively (Fig. 4A(a)).The cumulative permeation of SS from the SS Nikasol patch was
significantly higher than that of the SS HGA patch (P < 0.05). Correspondingly, as shown in
Fig. 4A(b), the SS Nikasol patch had a significantly higher maximum transdermal flux value
(99.8 + 29.8 pug/cm*h) than that observed with the HGA patch (10.8 + 7.9 pg/cm? h) over a
24 h period (P < 0.001). Therefore, these results suggested that the permeability of SS from
the Nikasol emulsion patch was greater than that of the HGA patch, making it an excellent
candidate for the development of SS transdermal patches. Indeed, a similar trend in the in
vitro release profiles of both patches were also obtained, where the Nikasol patch appeared a
faster release rate compared with that of HGA patch in pH 7.4 PBS (data not shown).

The cumulative SS permeation profiles from the SS Nikasol patch through human skin are
presented in Fig. 4B. The amount of SS that permeated through human skin was significantly
lower than rat skin (P < 0.001), as the mean cumulative permeation was 9.8 +0.8 pg/cm? (Fig.
4B(a)) within 24 h. A significant increase/decrease in the maximum transdermal flux value
(5.6 £0.5 ug/cmz f) was also seen in Fig. 4B(b) after application of the Nikasol patch to
human skin, indicating that SS was quickly released from the Nikasol emulsion patch.
Additionally, it was difficult to detect the permeated amount of SS from the HGA patch in the
receptor compartment, because of the limit of detection of the HPLC system in our laboratory;

hence, the permeation was assumed as zero.
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(Journal of Drug Delivery Science and Technology, Figure 3)
Fig. 4. In vitro cumulative permeated amount (a) and flux (b) of sumatriptan succinate (SS)
through skin after application of the SS-incorporated transdermal patches in
phosphate-buffered saline (pH 7.4) maintained at 32 €. (A) Permeation of SS from the
Nikasol patch and HGA patch through rat skin, (B) Permeation of SS from the Nikasol patch
through human skin. Results are presented as the mean £S.E. of three to five rat or human

tissue samples.
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1.6. Assessment of rat skin barrier disruption after application of SS-incorporated
patches via TEWL measurements

1.6.1. Methods

TEWL is an important index of skin disruption that occurs by various physical and
chemical influences. Rats were acclimatized to the ambient temperature and relative humidity,
which were 25 £2 <€ and 50 5%, respectively, for 30 min. Animals were anesthetized via
an intraperitoneal injection of pentobarbital sodium (35 mg/kg) and abdominal hair was
shaved using an electric clipper and a hair razor. Just before treatment, healthy rats without
signs of scratches or illness were chosen. Circular SS patches with diameter of 20 mm were
applied for a period of 24 h and were covered with absorbent gauze and fixed using adhesive
bandage. The treatment sites on the shaved rats were marked as circular areas (~3.14 cm?)
with a marker. TEWL values were measured on rat skin via a Tewameter (TM 300, Courage
and Khazaka Electronic GmbH, Cologne, Germany). A probe was applied to the skin. TEWL
values represented the mean readings for 20 s before the measurements were automatically
stopped. The values were determined before application and after removal of patches at the
indicated time intervals over a period of 4 d. TEWL values were also determined over similar

time intervals for the control group (i.e., without patch treatment).

1.6.2. Results

To determine whether skin barrier function was disrupted following application of two
types of transdermal patches containing SS, TEWL values of the rat skin were measured
before treatment and after removal of the patches, at the indicated times over a 4 d period (Fig.
5). The mean TEWL value of untreated skin was 4.28 0.74 g/h m?. Rats were treated with
patches for 24 h. Following the removal of the patches (0 h), the mean TEWL value of the
Nikasol patch was increased to 8.86 +1.86 g/h m? (P > 0.05), whereas as application of the

HGA patch increased the mean TEWL value to 10.63 +0.64 g/h m? (P < 0.05), compared
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with the control group. However, the mean TEWL values gradually decreased back to
baseline (P > 0.05) within 72 h after application of SS Nikasol patch or SS HGA patch. There
was no significant difference (P > 0.05) between the values of the SS Nikasol patch group and
the SS HGA patch group over the course of the experimental period. In addition, no visible
irritation was appeared after application of both types of the SS-incorporated transdermal

patches to the rat skin within the time frame of the experiment, as compared to the normal

skin (Fig. 6).
15- ] Control
ns SS Nikasol patch
roT B SS HGA patch
12+ b,
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E
£ 9
> l ns
J |r--l
T . |
z 6 I s
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3.
Before 0 24 48 72

Time (h)
(Journal of Drug Delivery Science and Technology, Figure 4)
Fig. 5. Transepidermal water loss (TEWL) values of rat skin before application and 0-72 h
after removal of sumatriptan succinate (SS) Nikasol patch and SS HGA patch. Results are
presented as the mean =+ S.E. of three experiments. ~P < 0.05, compared with the control
group. (ns) not significantly different, compared with the control group, or as compared

between SS Nikasol patch group and SS HGA patch group.
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Before
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Before

(Journal of Drug Delivery Science and Technology, Figure 5)
Fig. 6. Images of the rat skin before application and after removal of sumatriptan succinate
(SS)-incorporated patches. (A) Typical examples of rat skin before application and 0-3 d after
removal of SS Nikasol patch. Patch was applied for a period of 24 h, (B) Typical examples of
rat skin before application and 0-3 d after removal of SS HGA patch. Patch was applied for a

period of 24 h.

1.7. Invivo transdermal absorption of SS from SS-incorporated patches
1.7.1. Methods

Male Wistar rats were fasted for 12 h before treatment, while being provided water ad
libitum. All animals were anesthetized via an intraperitoneal injection of pentobarbital sodium
(35 mg/kg). Rats were divided into the following groups: (1) SS i.v. group, where SS was
dissolved in pH 7.4 PBS and injected intravenously into the left jugular vein (10 mg/kg), (2)
SS oral group, where SS was dissolved in pH 7.4 PBS and administrated using an intragastric
needle (40 mg/kg), (3) SS Nikasol patch group, where two circular SS Nikasol patches with a

total area of about 6.28 cm? (individual is 3.14 cm? with a diameter of 20 mm) containing 9.6
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mg SS were applied to the shaved skin and fixed with tape (39.7 mg/kg), and (4) SS HGA
patch group, where two circular SS HGA patches with total area of about 6.28 cm? (individual
is 3.14 cm?with a diameter of 20 mm) containing 9.6 mg SS were applied to the shaved skin
and fixed with tape (40.2 mg/kg). For transdermal medication, the abdominal hairs were
shaved using an electric clipper and a razor. Patch attachment was sustained for 24 h. Blood
samples (0.5 mL) were collected from the femoral vein with a heparinized syringe at 0, 1, 5,
15, 30, 60, 120, 180 min after administration in the i.v. group, and from the jugular vein at 0,
15, 30, 45, 60, 120, 180, 360, 1440 min after administration in the oral and patch groups.
Blood samples were centrifuged at 12000 rpm for 5 min to separate plasma immediately.

The plasma samples were treated according to the following methods. Plasma samples
(100 puL) were mixed with 1 mL acetonitrile to precipitate protein and vortexed for 1 min.
After centrifugation at 12000 rpm for 5 min, the clear supernatant layer was collected and
evaporated with a micro-vacuum concentrator centrifuge (PV-1200, Wakenyaku Co., Ltd.,
Kyoto, Japan) to remove residual organic solvents. The dried substrates were reconstituted
with 150 pL of pH 7.4 PBS and vortexed before injection to the HPLC system.

Pharmacokinetic parameters, such as the maximal plasma drug concentration (Cmax) and
time to maximal plasma drug concentration (Tmax), were determined from the individual
plasma concentration-time profiles. The area under the time-concentration curves (AUCy_,24n)
was calculated by the linear trapezoidal rule method from zero to the last time point. Absolute

BA was calculated according to the following equation:

Where AUC,ucn indicates the area under the time-concentration curve after applying the
SS-incorporated patches, and AUC;,. indicates the area under the time-concentration curve

after intravenous injection of SS.
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All statistical analyses were performed using GraphPad Prism software (GraphPad
Software Inc., San Diego, CA., U.S.A.). Results are presented as mean £S.E. A Student’s
unpaired t-test was used for comparisons between data points. Multiple data sets within
groups were analyzed with a one-way analysis of variance (ANOVA) followed by a Dunnet’s

post hoc test. For all comparisons, P < 0.05 was considered to be statistically significant.

1.7.2. Results

The mean plasma concentration-time profiles of SS after i.v., oral and transdermal
administration are presented in Fig. 7. SS rapidly disappeared from blood circulation after i.v.
injection via the left jugular vein. Plasma concentration decreased to 0.47 + 0.06 pg/mL at 3 h.
SS was rapidly absorbed from the gastrointestinal tract following oral administration, as the
plasma Cpax of 0.66 £ 0.13 ug/mL was achieved at a Tmax 0f 35.00 5.31 min. In contrast, the
plasma concentration of SS increased gradually during the first 6 h after application of the SS
patches. The Tmax for transdermal delivery was significantly greater than that for oral
administration (P < 0.001). The plasma concentration of SS following transdermal delivery
also declined more slowly than the plasma concentration after oral administration.

The pharmacokinetic parameters of SS after administration by different methods were
calculated and summarized in Table 1. Compared with oral administration, the AUC;_,24n
values were increased in the transdermal Nikasol patch (379.11 £47.79 pug-min/mL for the
transdermal SS Nikasol patch vs. 292.63 £ 18.83 ug-min/mL for oral administration, P >
0.05). After dose normalization, the absolute BA of SS after transdermal Nikasol patch
administration was 28.46 £1.93%, while the absolute BA after oral administration was 21.80
+2.66%. There were significant differences between the AUCy_,,4, (P < 0.01) and BA (P <
0.001) values after transdermal administration of SS Nikasol patch vs. the SS HGA patch
(60.32 £ 12.46 pg'min/mL and 4.47 =% 0.66%). These findings suggested that SS was

effectively absorbed from the Nikasol patch through the skin.
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(Journal of Drug Delivery Science and Technology, Figure 6)
Fig. 7. Plasma concentration-time profiles after intravenous (i.v.), oral and transdermal
delivery of sumatriptan succinate (SS) over a period of 24 h. Results are presented as the

mean xS.E. of three to four experiments.

Table 1. Pharmacokinetic parameters of sumatriptan succinate (SS) after intravenous (i.v.),

oral, and transdermal administration.

Groups Cmax (ng/mL) Tmax (Min) AUC_ 24 (ng-min/mL) BA (%0)
SSi.v. - - 335.53 +7.79 -
SS oral 0.66 +0.13 35.00 +5.31 292.63 +18.83 21.80 +2.66
SS Nikasol patch 0.40£0.11  324.00 2220 379.11 +47.79% 28.46 +1.93"
SS HGA patch 0.08 +0.01 300.00 +29.93 60.32 +12.46 4.47 +0.66

Results are presented as the mean +S.E. of three to four experiments. ~ P < 0.001 compared
with oral group. ** P < 0.001 or " P < 0.01 compared with SS HGA patch group. (Journal

of Drug Delivery Science and Technology, Table I)
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1.8. Discussion

The present study provided the first evidence for the use of Nikasol, an acrylic fiber
system water emulsion resin, in the preparation of SS-incorporated patch, and showed that the
patch could effectively improve the transdermal delivery of SS through skin.

A steady and continuous permeation of SS from all the patches was observed, indicating
that SS was dissolved in all adhesives with a uniform distribution. It was found that the
permeation of SS from the Nikasol patch was approximately threefold higher than that of the
HGA patch through rat skin. One potential explanation for this effect was that, in the Nikasol
patch, SS molecules were dispersed in the hydrophilic portion of the emulsion, instead of
entering inside the hydrophobic polymer. After evaporation of moisture, drug molecules
adsorbed on the surface of the lipophilic polymer, which easily passed through the skin barrier
layer. Meanwhile, glycerin as the solubility modifier could lubricate the movement of the
drug molecule, resulting in higher skin permeability. In contrast, SS molecules dissolved
within the hydrophilic polymer of the HGA patch, resulting in difficulties in passing through
the skin barrier. In addition, may be due to the different delivery mechanism of SS from both
types of patches, a rapid increase in the flux values was obtained after application of Nikasol
patch to rat or human skin, in contrast to the slow increase after application of HGA patch,
indicating that SS was quickly released from the Nikasol system. These findings supported
the idea that the selection of an emulsion adhesive played a decisive role in the percutaneous
absorption of SS from the transdermal patches.

It was also noted that the permeation of SS through human skin was seventy-fold lower
than permeation through rat skin, likely due to differences in the thickness and lipid
component of the stratum corneum between rodents and humans [52,53]. It was known that
the cumulative amount of SS that permeated through the human skin was 9.8 + 0.8 pg/cm?
after a 24 h application of the Nikasol patch. If the area of the patch for clinical use is

calculated on the basis of the cumulative amount of SS permeated through the human skin
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during a 24 h application, a patch of 290 cm? would be able to deliver approximately 2.9 mg
of SS, which is approximately equivalent to the amount of SS absorbed by single dose 20-mg
intranasal administration in clinical use [54]. According to a report by Maziées et al. [55],
ketoprofen patches with an area of 50 to 400 cm? are usually applied to the patients for
clinical use. However, patches with an area near 300 cm?are often inconvenient, and may
reduce patient compliance. Therefore, further studies with the preparation of SS-loaded MNs
were conducted as an alternative method to improve the transdermal absorption of SS.
Nevertheless, though the percutaneous permeability needs to be further improved, our results
suggest that the transdermal permeation of SS using our Nikasol emulsion patch system may
be promising for the treatment of migraine.

TEWL is an important index for the investigation of skin disruption after the application
of transdermal patch systems [56,57]. In the present study, we found that TEWL immediately
increased after the removal of transdermal patches. However, the increase in TEWL gradually
recovered to baseline levels after 72 h during the experimental period. These findings
corroborate the previous report of Fokuhl and MUler-Goymann [58]. It is generally known
that an increase in TEWL results from a reduction in the skin barrier, leading to an
evaporation of water from the skin, potentially causing intracellular gaps in the stratum
corneum to temporarily loosen. Combined, these results indicate an increase in skin
permeability, and support the successful permeation of SS from the patches through rat skin.
According to a report by Kanikkannan et al. [59], both TEWL and percutaneous absorption
rates increase when the integrity of the stratum corneum barrier is compromised. Furthermore,
the Nikasol patch showed a less increase in TEWL values than the HGA patch, suggesting
lower skin barrier damage. Additionally, the pictures of the skin surface also indicated no
visible changes to the rat skin following treatment with SS-incorporated patches.

The pharmacokinetic characteristics of the SS transdermal Nikasol patches exhibited

many advantages over other formulations. The low Tyax and high Cnax values following oral
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administration were due to rapid absorption or significant first-pass metabolism by the
gastrointestinal tract. The pharmacokinetic profiles indicated that the whole blood
concentration of SS declined rapidly and, as a result, produced a short duration of therapeutic
action. In contrast, the prolonged Tmax and low Cpax values following transdermal delivery
may be owing to the continuous replenishment of SS in the systemic circulation by controlled
delivery of the drug from the transdermal patch. This may be a benefit of the transdermal
patch, because it requires less frequent dosing. Further, compared with other routes, the slow
decline in blood concentration of SS after transdermal administration could be attributed to
the reservoir effect of skin, resulting in slow depletion of the drug accumulated in skin tissues
[60,61]. The SS Nikasol patch was also more advantageous than oral administration because
the absolute BA value was approximately 1.3 times greater, which suggested the novel patch
system effectively improved the transdermal absorption of SS. Previous studies suggest that
higher BA may correspond to improved clinical benefits. For example, these parameters are
associated with fewer adverse effects and consistent migraine pain relief [4,62]. We observed
that there was significant difference of pharmacokinetic characteristics between the Nikasol
patch and the HGA patch, which was consistent with the in vitro skin permeation results.
These may be due to the different delivery mechanism of SS from both types of patches
across the skin as mentioned above, and the in vitro faster release rate as well as higher in vivo
absorption rate of SS from Nikasol patch than that of HGA patch. These findings suggest that
the novel transdermal patch is an excellent candidate for delivering SS to migraine patients.
However, it is generally known that there are great species differences between humans and
rodents, further pharmacodynamic studies are needed to confirm whether the transdermal
patch system is able to prevent migraine clinically.

It was demonstrated that the patch using Nikasol, an acrylic fiber system water emulsion
resin, as an adhesive could be utilized to enhance transdermal delivery of SS. Compared with

oral administration, the transdermal patch for SS delivery is an improved alternative to avoid
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the difficulty in oral intake of SS because of nausea and vomiting that accompany with
migraine, and to avoid pre-systemic metabolism, achieving a consistent plasma concentration

over an extended period of time.
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CHAPTER 2 Development of a novel self-dissolving MN loaded with SS

As mentioned earlier, it is difficult to delivery therapeutic amounts of SS from reasonably
sized patches by passive diffusion across the skin. Hence, a novel self-dissolving MN
fabricated from sodium hyaluronate with SS containing in whole needles was developed as a
new alternative transdermal system. The MNs improved transport of SS by creating
micro-scale pathways after insertion into the skin, combing the advantage of transdermal
patches and hypodermic needles. Given that skin possesses intrinsic elastic proprieties,
microneedles with specific geometry are necessary to penetrate the skin without any bending
or breaking. To improve the mechanical strength, needles of tapered-cone shape with sharp
tips were designed. Moreover, appropriate mechanical force must be applied to ensure
homogeneous insertion the skin in the MN application. In this study, MNs were applied into
the skin by an applicator. The applicator can apply MNs into the skin with a definite force (15
N/cm?), and the force is enough for the insertion of MNs into the skin. With this applicator,
the energy applied on MNs is well controlled, and is convenient to be self-administration.

In the present study, in order to improve permeability of SS from the SS-loaded MNs, in
vitro permeation studies were conducted with excised human cadaver skin using vertical
Franz diffusion cells and various parameters such as needle length, thickness, and density as
well as penetration enhancers were investigated. The effect of SS-loaded MN hygroscopy on
their mechanical strength was measured. Moreover, skin penetration characteristics and
subsequent dissolution of the MNs after application onto rat skin were evaluated using optical
coherence tomography (OCT). To assess the disruption and recovery of skin barrier function
after administration of MNs, TEWL was measured. The resealing of micropores created by
insertion of MNs in vivo was also observed. Furthermore, transdermal absorption
characterizations of SS from MNs were evaluated and compared with that observed after s.c.

injection or oral administration.
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2.1. Materials

SS was purchased from Viwit Pharmaceutical Co., Ltd. (Shanghai, China). Sodium
hyaluronate (Japanese Pharmacopoeia [JP] grade) was purchased from Kikkoman Biochemifa
Company (Tokyo, Japan). L-(+)-Tartaric acid was purchased from Kanto Chemical Co., Inc.
(Tokyo, Japan). Cosmetic concentrated glycerin was purchased from Miyoshi & Oil Fat Co.,
Ltd. (Tokyo, Japan). Sodium lauryl sulfate was purchased from Nacalai Tesque, Inc. (Kyoto,
Japan). Lauric acid diethanolamide was purchased from Kao Corporation (Tokyo, Japan).
Acetonitrile and ammonium dihydrogen phosphate were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). All other chemicals and reagents were of analytical reagent
grade and commercially available.

Male Wistar rats (8 weeks old, 250-270 g) were purchased from Shimizu Laboratory
Supplies Co., Ltd. (Kyoto, Japan). All experiments were performed in accordance with the

guidelines of the Animal Ethics Committee at Kyoto Pharmaceutical University.

2.2. Fabrication of sodium hyaluronate MNs
2.2.1. Methods

The MNs without any model component (placebo), and containing SS or blue dye, were
fabricated by micromolding technologies with sodium hyaluronate as a base material, as
shown in Fig. 8. In detail, sodium hyaluronate solution was obtained by thorough mixing with
distilled water. Either SS (with or without penetration enhancers) or blue dye solution,
dissolved in 3% tartaric acid, was added to the sodium hyaluronate solution and uniformly
mixed. A small aliquot of the resulting solution was carefully cast in micromolds and dried in
a desiccator at room temperature. After drying the micromolds completely, a polyethylene
terephthalate adhesive tape was attached to the base plate for reinforcement. The SS- or blue
dye-loaded MNs were obtained by peeling the mold off and cutting to a circular area with a

diameter of 10 mm using a punch. MNs with different length, thickness or density were also
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fabricated in the same manner using variety micromolds.

SS (3% tartaric acid) water solution m
+ Mixture

Sodium hyaluronate
T

Micromolds
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P Dried in a desiccator
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—

Polyethylene terephthalate _ _ -> EE—
adhesive tape ¢

Removed

RAAAAS

Cut

m SS-loaded MNs

Fig. 8. Fabrication procedure of sumatriptan succinate (SS)-loaded microneedle arrays (MNSs).

2.2.2. Results
Five types of MNs with different needle length, thickness, density and penetration
enhancers were prepared. All the needles were tapered cone-shaped in a circular array with a

diameter of 10 mm. Firstly, MNs with the length of 500 um were designed to have
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approximately 200 needles per array, basal diameter was 100 pum, tip diameter was 35 um,
and interspacing between needles was 600 um. Secondly, as shown in Fig. 9, the named “800
usual MNs” with the length of 800 pm were designed to have about 200 needles per array,
basal diameter was 150 um, tip diameter was 35 um, and interspacing was 600 um. Thirdly,
penetration enhancers-contained MNs were prepared with the same micromolds as the 800
usual MNs. Fourthly, the named “800 thick MNs” were designed to have around 200 needles
per array, basal diameter was 170 pm, tip diameter was 45 pm, and interspacing was 600 pm.
Lastly, the named “800 high density MNs” were designed to have approximately 500 needles
per array, basal diameter was 110 um, tip diameter was 25 pm, and interspacing between

needles was 350 um.

Fig. 9. Micrograph of an 800 um usual microneedle array (MN) with a diameter of 10 mm.

Bars = 500 um.

2.3. Improvement of transdermal delivery of SS from SS-loaded MNs
2.3.1. Methods
In vitro skin permeation studies were performed using vertical Franz diffusion cells with a

diffusion area of 3.14 cm® Human cadaver skin was obtained from the Biological Resource
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Center, Inc. (Phoenix, U.S.A.). The subsequent studies were conducted in agreement with the
Declaration of Helsinki, with informed patient consent, and were approved by the Ethical
Committee of the Kyoto Pharmaceutical University. Residual subcutaneous fat and other
extraneous tissues of human skin were trimmed to a thickness of 1000 um using a surgical
electric dermatome (B. BRAUN Melsungen AG, Melsungen, Germany). A piece of circular
excised human skin (diameter 25 mm) was placed onto an equally sized piece of filter paper
(stratum corneum uppermost). SS-loaded MNs were applied to the center of the skin. These
skin membranes with the MNs in place were mounted on the Franz diffusion cells with the
stratum corneum facing the donor compartments. The receptor compartments were filled with
2.4 mL of pH 7.4 PBS and maintained at 32 € under stirring with magnetic bars. At
predetermined intervals, 0.5 mL of the receptor solution was withdrawn and replaced with an
equal volume of fresh medium. Sink conditions were maintained throughout all experiments.
The concentration of SS was analyzed on a HPLC system (Hitachi L-7000, Kyoto, Japan)
equipped with a UV detector (Hitachi L-7405, Kyoto, Japan). A reverse phase C18 column
(4.6 mm > 250 mm, Shiseido Co., Ltd., Tokyo, Japan) was used. The mobile phase was
consisted of acetonitrile and 0.5 M ammonium dihydrogen phosphate solution pH 3.3 (5:95).
A flow rate of 1.0 mL/min was maintained, column temperature was 40 <€, and the detection

wavelength was 228 nm.

2.3.2. Results
2.3.2.1. Effect of needle length on the skin permeation of SS

The effect of needle length on the transdermal delivery of SS was shown in Fig. 10. It was
found that length of needles had a distinct effect on the permeation of SS. 800 pum MNs
containing 9.8 mg SS/cm?showed an approximately three-fold increase in permeation of SS
into the skin, compared with the case of 500 um MNs containing 6.3 mg SS/cm? (Fig. 10A).

Furthermore, as shown in Fig. 10B, SS was rapidly released from the MNs, when the length
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of needles was increased from 500 to 800 pm, the maximum transdermal flux values
significantly (p < 0.05) enhanced from 147.4 +2.7 to 386.8 + 26.3 pug/cm? h at 1 h. These
results suggested that the transdermal delivery of SS could be effectively improved by
increasing the length of needles. Therefore, MNs with the height of 800 um were employed

for the following studies.

>

B

S 5000 500,

5 R X

€ * 800 usual MNs & 800 usual MNs

S 4000 @ 4001

2 + 500 MNs 2 + 500 MNs

© % -

2 <€ 3000 2 & 300{| \¥

8 L ** < g **

£ 2 Ew

& = 20001 « £ = 200

% *% E

S 1000 <7 = 100

£

3
0 . . . . . . 0 -
0 4 8 12 16 20 24 0 4 8 12 16 20 24

Time (h) Time (h)

Fig. 10. In vitro cumulative permeated amount (A) and flux (B) of sumatriptan succinate (SS)
delivered through human skin after application of SS-loaded microneedle arrays (MNs) with
needle length of 500 pm and 800 um, respectively. Results are presented as the mean + S.E.

of at least three experiments. ~ p < 0.01, “p < 0.05, compared with 500 MNs.

2.3.2.2. Effect of needle thickness on the skin permeation of SS

Further experiments were carried out to improve the transdermal delivery of SS from the
SS-loaded 800 um MNs. As shown in Fig. 11A, the mean cumulative permeation amount of
SS from 800 usual MNs (9.8 mg SS/cm?) and 800 thick MNs (11.2 mg SS/cm?) at 4 h were
found to be 992.0 + 34.8 pg/cm? and 9754 + 47.2 pg/cmz, respectively. There was no
significant difference (p > 0.05) in cumulative permeation amount of SS over the 24 h period

between the two types of MNs. Fig. 11B showed that SS was quickly released from the MNs,
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and a maximum skin transdermal flux value was achieved at 1 h. These findings indicated that

skin permeation of SS was not distinctly improved by increasing the thickness of MNs.
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Fig. 11. In vitro cumulative permeated amount (A) and flux (B) of sumatriptan succinate (SS)

delivered through human skin after application of SS-loaded 800 um usual microneedle arrays

(MNs) and 800 pum thick MNs. Results are presented as the mean + S.E. of at least three

experiments.

2.3.2.3. Effect of penetration enhancers on the skin permeation of SS

To improve the transdermal delivery of SS from the MNs, | tried to add 3% penetration
enhancers in drug solution during preparation. Three kinds of enhancers were used including
glycerin, sodium dodecyl sulfate (SDS) and lauric acid diethanolamide (LD), containing
similar 9.8 mg SS/cm?. As indicated in Fig. 12, SDS was appeared to be a relatively excellent
enhancer compared with others. However, there was no significant difference (p > 0.05) in
permeation of SS over the experimental period among all the MNs. These results suggested
that the transdermal delivery of SS could not be effectively enhanced by the addition of

penetration enhancers.
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Fig. 12. In vitro cumulative permeated amount (A) and flux (B) of sumatriptan succinate (SS)

delivered through human skin after application of SS-loaded 800 um usual microneedle arrays

(MNs), and the MNs containing 3% glycerin, sodium dodecyl sulfate (SDS) or lauric acid

diethanolamide (LD) as penetration enhancers. Results are presented as the mean =S.E. of at

least three experiments.

2.3.2.4. Effect of needle density on the skin permeation of SS

Fig. 13A showed the in vitro cumulative permeated amount of SS after application of the
high density MNs loading 11.0 mg SS/cm? and the usual MNs containing 9.8 mg SS/cm?. The
permeated amount of the high density SS-loaded MNs was up to 2150.6 + 197.0 pg/cm? at 4 h,
which was significantly higher (p < 0.05) than that obtained with the usual MNs (1040.4 +
70.7 pg/em?). SS was speedily released from all the arrays (Fig. 13B). Therefore, combined
the results of above in vitro skin permeated experiments together, we observed that the high
density MNs with the needle length of 800 um were able to provide our pre-needed permeated
amount of SS into the skin.

For ease of description, the high MNs containing SS with needle length of 800 um was
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called for short as “SS-loaded MNs”, and were used for the subsequent studies.
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Fig. 13. In vitro cumulative permeated amount (A) and flux (B) of sumatriptan succinate (SS)
delivered through human skin after application of SS-loaded 800 um usual microneedle arrays
(MNSs) and 800 um high density MNs. Results are presented as the mean + S.E. of at least

three experiments. ~ p < 0.01, “p < 0.05, compared with 800 usual MNSs.

2.4. Measurement of mechanical failure force and hygroscopy of SS-loaded MNs
2.4.1. Methods

The mechanical failure force of SS-loaded MNs was measured using a texture analyzer
(SV-52N-50, Imada Seisakusho Co., Ltd, Aichi, Japan). A single MN was attached to a lower
test station, and the upper cylindrical movable probe then pressed the MN at a speed of
1.0-1.5 mm/min. The maximum force applied before immediate force drop was measured as
the force of needle failure. Before and after the failure force test, all microneedles were
examined by stereoscopic microscopy (M205 C, Leica Microsystems Ltd., Wetzlar,

Germany).
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To determine the hygroscopy of SS-loaded MNs, the arrays were stored in a desiccator
containing a saturated solution of sodium chloride to achieve a relative humidity of 75%.
MNs were removed at predetermined intervals, and their water content was measured using a
moisture analyzer (MS-70, A&D Company, Limited (Japan), Tokyo, Japan). In addition, the

mechanical failure force of the moisture-conditioned MNs was also determined.

2.4.2. Results

Fig. 14 shows the representative failure behavior of SS-loaded MNs under an axial load.
Upon needle failure, the force declined suddenly, and the point before the sudden decrease
was interpreted as the needle failure force, which was approximately 21 N. As shown in Fig.
15, after the failure force test, all needles were deformed with almost the same tip bending of
45< along with a displacement of approximately 200 um. It was also observed that the
microneedles was bending, whereas was not fracture, suggesting that the needles had

sufficient toughness.

Force (N)
RN
g <2

-
g <

0.0 0.1 0.2 0.3
Displacement (mm)
(Biological and Pharmaceutical Bulletin, Fig. 1)

Fig. 14. Force-displacement curve of sumatriptan succinate-loaded microneedle arrays under

an axial load.
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(Biological and Pharmaceutical Bulletin, Fig. 1)

Fig. 15. Bright micrographs of sumatriptan succinate-loaded microneedle arrays before (A)

and after (B) an axial failure test. Bars = 100 pm.

Given that moisture had a great effect on the morphology and mechanical strength of
soluble MNs, the hygroscopy of the SS-loaded MNs at a high relative humidity of 75% was
measured. As shown in Fig. 16A, the mean water content of MNs before storage was 4.5%,
and this value rapidly increased to 10.0% at 4 h. It was appeared that the absorption of
moisture became saturated after 4 h. Correspondingly, the mechanical strength of the MNs
declined as their water content increased (Fig. 16B). The mechanical strength declined
quickly during the first 4 h, and then slowed down from 4 h to 24 h. When the water content
increased to 10.0%, the failure force decreased to approximately 11.7 N per array. The
increase in MNs water content due to absorption of moisture from the wet environment
resulted in a softening of sodium hyaluronate materials, thereby decreasing their mechanical
strength. Therefore, our MNs were stored in sealed aluminum laminated packages to prevent
absorption of moisture. Further experiments showed that our MNs possessed sufficient
strength to successfully penetrate the skin if the failure force was > 16 N per array (data not
shown), indicating that MNs maintained their insertion ability for at least 30 min, even at a
relative humidity of 75%. Additionally, the structure of MNs did not change over the

experimental period at the relative humidity of 75%.
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Fig. 16. Water contents of sumatriptan succinate-loaded microneedle arrays after storage at a
relative humidity of 75% over a period of 24 h (A). Mechanical failure force of the moisture-

conditioned MNs (B). Results are presented as the mean =S.E. of at least three experiments.



2.5. Estimation of skin penetration capacity of SS-loaded MNs
2.5.1. Methods

The penetration characteristics of high density SS-loaded MNs with the length of 800 um
following insertion into excised human skin were evaluated using OCT. Human cadaver skin
was obtained from the International Institute for the Advancement of Medicine (Jessup, PA,
U.S.A.). The following studies were conducted in agreement with the Ethical Committee of
the Kyoto Pharmaceutical University and informed patient consent. Residual subcutaneous fat
and other extraneous tissues of the skin were trimmed to a thickness of 1000 pum using a
surgical electric dermatome (B. BRAUN Melsungen AG, Melsungen, Germany). SS-loaded
MNs were inserted into the excised skin and left in place for 5 min. Upon removal of the
arrays, the treated sites were immediately scanned using a Ganymede model OCT microscope

(Thorlabs GmbH, Munich, Germany) to observe the puncturing capacity of the MNs.

2.5.2. Results

Fig. 17A shows a three-dimensional (3 D) image (volumetric scan) of the human skin
surface after insertion of SS-loaded MNs. Orderly micropores were created en face with a
pattern similar to the MNs. Fig. 17B shows a cross-sectional two-dimensional (2 D) image of
the untreated human skin, which was intact prior to MNs application. As shown in Fig. 17C
and Fig. 17D, distinct drug permeation pathways were created directly after the application of
SS-loaded MNs to the skin. Moreover, skin pierced with MNs showed penetration depths of
approximately 250-300 pum, which corresponded to insertion through the stratum corneum
and epidermis and into the superficial dermis. May be due to the elasticity and deformation of
the skin, the effective penetration was found to be shorter than the total length of needles.
These findings indicated that the MNs created uniform pathways and that SS was successfully
delivered into the skin, which also provided the drug delivery mechanism of MNs following

insertion into the skin.
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Fig. 17. Optical coherence tomography images of human cadaver skin after application of
sumatriptan succinate-loaded microneedle arrays (MNs). (A) En face three-dimensional
volumetric image of human skin after insertion of MNs. (B) Two-dimensional (2 D) image of

untreated skin. (C) and (D) 2 D images of MN-treated skin. Bars = 100 pum.

2.6. Invitro release of SS from SS-loaded MNs
2.6.1. Methods

MNs were placed in 5 mL PBS (pH 7.4) and maintained at 32 <C throughout the test
period, while stirring with magnetic bars at 100 rpm. At predetermined intervals, 0.5 mL of
supernatant was withdrawn and replaced with an equal volume of fresh PBS. The

concentration of SS was analyzed by the HPLC system described above.

2.6.2. Results
Fig. 18 shows the cumulative release of SS from dissolving MNs under perfect sink

conditions. MNs dissolved rapidly and almost all the formulated SS was released within 1 h.
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Fig. 18. In vitro release profile of sumatriptan succinate (SS) from SS-loaded microneedle

arrays (MNs) in phosphate-buffered saline (pH 7.4) maintained at 32<C. Results are presented

as the mean =S.E. of four experiments.

2.7. Evaluation of dissolution of SS-loaded MNs following inserting into rat skin
2.7.1. Methods

The penetration characteristics and subsequent in-skin dissolution of MNs after
application into rat skin in vivo, were observed using OCT. Rats were anesthetized via an
intraperitoneal injection of 40 mg/kg pentobarbital sodium and their abdominal hairs were
carefully shaved using an electric clipper and a razor 24 h prior to the experiment. Just before
treatment, healthy rats without signs of scratches or illness were chosen. Upon application of
the MNs, the skin treated sites with inserted MNs were immediately observed using a
Ganymede model OCT microscope (Thorlabs GmbH, Munich, Germany) at indicated time

intervals.
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2.7.2. Results

The representative cross-sectional 2 D images of the in situ dissolution of SS-loaded MNs
following application onto rat skin were shown in Fig. 19. Needles appeared to successfully
pierce into rat skin without any bending or cracking. It was appeared that needles were
reduced in length by approximately 50% within 15 min, and were completely dissolved by 1 h.
These findings showed that our novel MNs fabricated from sodium hyaluronate possessed

self-dissolving properties, which were easily dissolved upon application onto skin.

15 min 30 min 45 min 60 min

(Biological and Pharmaceutical Bulletin, Fig. 3)
Fig. 19. Representative two-dimensional optical coherence tomography images of sumatriptan

succinate-loaded microneedle arrays after application onto rat skin in vivo. Bars = 200 um.

2.8. Assessment of skin barrier disruption after application of SS-loaded MNs via
TEWL values
2.8.1. Methods
Rats were anesthetized via intraperitoneal injection of 40 mg/kg pentobarbital sodium and
their abdominal hair was carefully shaved using an electric clipper and a razor 24 h prior to

testing. Just before treatment, healthy rats without signs of scratches or illness were chosen.
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Animals were acclimatized to the ambient room temperature (25 <€) and relative humidity
(50%) for 30 min. TEWL values for rat skin were measured using a Tewameter (TM 300,
Courage and Khazaka Electronic GmbH, Cologne, Germany), where a probe was applied to
the skin. Three circular areas were marked on the shaved abdominal area of every rat and
measured without any treatment (control group), after treatment with MNs (SS-loaded MNs
group), and after tape stripping (tape stripping group). Tape stripping was achieved by
applying circular adhesive cellophane tape (10 mm in diameter) to the stratum corneum
surface of the skin. Each skin section was stripped sequentially with 15 pieces of adhesive
tape. TEWL values represented the mean readings for 20 s before the measurements were
automatically stopped. The values were recorded before and after each treatment at

predetermined time intervals over a period of 24 h in all groups.

2.8.2. Results

Damaged skin shows high TEWL, while intact and healthy skin has very low TEWL
values. To evaluate the skin barrier function following application of the SS-loaded MNs or
tape stripping, TEWL was measured before treatment and immediately after removal of the
arrays or after tape stripping at the indicated time intervals for up to 24 h. The mean TEWL of
the untreated skin was 6.2 0.3 g/h m® As shown in Fig. 20, TEWL values significantly
increased (P < 0.001) and peaked (47.6 +1.8 g/h m?) immediately after application of MNs
and after tape stripping (P < 0.001, 68.8 +8.9 g/h m?), compared with the control group.
However, the mean TEWL values then gradually decreased back to baseline (P > 0.05) within
24 h after removal of MNs. Conversely, there was no significant reduction in the mean TEWL
of the tape stripping group within the experimental period; these values remained at 43.3 7.6
g/h m?, even after 24 h, suggesting that the tape stripping caused skin damage was irreversible.
These findings suggested that MNs pierced into skin successfully, caused less disruption than

tape stripping, and that the MN-associated reduction in skin barrier function was reversible.
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Fig. 20. Transepidermal water loss (TEWL) values of rat skin before application and after
removal of sumatriptan succinate-loaded microneedle arrays (SS-loaded MNs) or after tape
stripping treatment at the indicated time-points. Results are presented as the mean £S.E. of

four experiments. ~ p < 0.001, " p < 0.01, " p < 0.05, compared with the control.

2.9. Skin primary irritation after application of SS-loaded MNs to rat
2.9.1. Methods

Skin primary irritation after application of SS-loaded MNs was evaluated using a Draize
method [63]. Rats were anesthetized via an intraperitoneal injection of 40 mg/kg pentobarbital
sodium and back hairs were carefully shaved using an electric clipper and a razor 24 h prior to
testing. Just before treatment, the shaved skins were closely examined to ensure their integrity,
in case any damage had occurred during handling, healthy rats without signs of scratches or

illness were chosen. After removal of the MNs, skin irritation was assessed by scoring the
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degree of erythema and edema according to the method, as reported previously [64].

2.9.2. Results

Skin irritation after treated with MNs was recorded at 1 h, 24 h, and 72 h with the Draize
scoring criteria (Fig. 21). After removal of the MNs 1 h, a certain extent erythema but no
edema appeared at the treated sites and the erythema evidently lightened within 24 h.
Moreover, the skin damage recovered to normal after 72 h. The Primary Irritation Index (P.1.1.)
was calculated to be 2.1, indicating a moderate irritation (P.I.I. between 2.0 and 4.9, classified

to moderate irritation) was induced with the SS-loaded MNSs.

24h 72 h

Before 1h
Fig. 21. Photographs of rat skin before treatment, and after removal of the sumatriptan

succinate-loaded microneedle arrays at 1 h, 24 hand 72 h.

2.10. Recovery of micropores created by insertion of MNs into rat skin
2.10.1. Methods

Rats were anesthetized via intraperitoneal injection of 40 mg/kg pentobarbital sodium and
their abdominal hair was carefully shaved using an electric clipper and a razor 24 h prior to
the experiment. Just before treatment, the shaved skins were closely examined to ensure their
integrity, in case any damage had occurred during handling, healthy rats without signs of

scratches or illness were chosen. MNs containing 5% blue dye were then applied to the rat
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skin and left in place for 4 h in vivo. Before and after treatment, the rat skin surface was
observed over a period of 24 h using a Dermatoscope (DermaShot-Scope, Fineopto Co., Ltd.,

Tokyo, Japan).

2.10.2. Results

As shown in Fig. 22, micropores were created in rat skin after application of MNs. The
skin surface was observed before treatment, and immediately after removal of MNs at 0, 1, 4,
and 24 h. The injection sites were stained by the blue dye released from the MNs and the blue
dots therefore corresponded to the needle injection sites. It was also evident from Fig. 22 that
the blue color diffused quickly and had disappeared from the skin by 24 h after removal,
suggesting that micropores created by MNs rapidly resealed over time. Taken together, these
results indicated that the creation and recovery of micropores were consistent with the

changes in TEWL values.

Before

(Biological and Pharmaceutical Bulletin, Fig. 5)

Fig. 22. Microscope images of rat skin surface before treatment and after removal of 5% blue

dye-contained microneedle arrays in vivo at the indicated time intervals. Bars = 400 um.
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2.11. In vivo transdermal absorption of SS from SS-loaded MNs
2.11.1. Methods

Prior to administration, rats were fasted for 12 h, with water ad libitum. All animals were
anesthetized via intraperitoneal injection of 40 mg/kg pentobarbital sodium. Prior to
transdermal medication, the abdominal hair was carefully shaved using an electric clipper and
a razor. The following groups of animals were studied before and after drug administration
[65]. (1) SS i.v. group, where SS solution (5.0 mg/kg in PBS, pH 7.4) was injected
intravenously into the jugular vein using a hypodermic needle; (2) SS s.c. group, where SS
solution (5.0 mg/kg) was injected subcutaneously into abdominal skin; (3) SS oral group,
where SS solution (5.0 mg/kg) was administered orally using an intragastric needle; (4) MNs
+ SS solution group, where placebo MNs were applied onto abdominal skin and removed 5
min later, then a piece of cotton (diameter 10 mm) saturated with SS solution (5.0 mg/kg) was
applied onto the treated skin site; (5) SS-loaded MNs group, where MNs containing three
different amounts of SS (2.4, 5.0, and 9.6 mg/kg) were prepared and applied to abdominal
skin (Fig. 23), then fixed with gum tape. Blood samples (0.5 mL) were collected from the
jugular vein at 5, 15, 30, 60, 90, 120, 180, 240, 360, and 600 min after administration in all
groups. Blood samples were immediately centrifuged at 12000 rpm for 5 min to separate
plasma. The plasma samples were stored at -50 <C until analysis.

The plasma samples obtained as described above were treated and analyzed according to
the following methods. Plasma samples (100 pL) were mixed with 1 mL acetonitrile and
vortexed for 1 min to precipitate protein. After centrifugation at 12000 rpm for 5 min, the
clear supernatant layer was collected and evaporated using a centrifugal concentrator
(VC-36N, TAITEC Co., Ltd., Saitama, Japan) to remove organic solvents. The dried residue
was reconstituted with 150 uLL PBS (pH 7.4) and centrifuged before being injected into the
HPLC system described above.

Cmax and Tmax Were determined directly from the individual plasma concentration-time
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profile. AUC for 0—10 h was calculated by the linear trapezoidal rule method. Absolute BA

was calculated according to the following equation:

BA (%) = (AUCun *Dose;jy)/(AUC;,, xDoseuvn) *<100

Where AUCun and AUC;,, indicated the AUCs after applying SS-loaded MNs and after i.v.
injection of SS, respectively. The BA for other administration routes was calculated using the
same method.

All statistical analyses were performed using GraphPad Prism software (GraphPad
Software Inc., San Diego, CA, U.S.A.). Student’s unpaired t-tests were used for comparisons
between groups. Results are presented as mean values £ S.E. In all cases, P < 0.05 was

considered to be statistically significant.

MN inserted into skin
A

Applicator

Fig. 23. Sumatriptan succinate-loaded mironeedle array (MN) was applied to the shaved rat

skin with an applicator in the in vivo absorption study.
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2.11.2. Results

As shown in Fig. 24A, SS rapidly disappeared from the blood circulation after its i.v.
injection. After oral administration, SS was rapidly absorbed from the gastrointestinal tract
with @ Cpax 0f 0.2 0.1 pg/mL at a Tmax 0f 26.3 3.8 min. In contrast, there was only a small
spike in plasma SS concentration in the MNs + SS solution group, compared with the levels
achieved using SS-loaded MNs and s.c. injection (Fig. 24B). A significant and
dose-dependent increase in plasma SS concentration was observed after treatment with
SS-loaded MNs. The peak plasma SS levels were reached within an hour and ranged from 1.0
+0.7 t0 4.0 £0.5 pg/mL as the dose increased from 2.4 to 9.6 mg/kg.

The pharmacokinetic parameters after administration of SS after administration by a range
of methods were calculated and summarized in Table 2. There were significant differences
between the BA (P < 0.001) values after transdermal administration of SS-loaded MNs vs.
oral administration. The absolute BA of SS after treatment with different doses of SS-loaded
MNs ranged from 87.6 +£14.3% to 90.4 £10.3%. In addition, very low AUCy_1on (2.6 £0.6
pg-min/mL) and BA (0.8 £0.3%) values were achieved in the MNs + SS solution group. As
we expected, SS was sufficiently absorbed from skin into the systemic circulation after
treatment with SS-loaded MNSs, and the use of MNs dramatically improved the BA of SS, as
compared with oral administration. Additionally, the pharmacokinetic parameters of the
SS-loaded MNs were similar to those observed after s.c. injection. These findings indicated
that the absorption and delivery of SS administered using SS-loaded MNs were comparable to

those achieved by s.c. injection.

-850 -



A 10+
_ 8 o SSiv.
.g 6- - SS oral
o * MNs + SS solution
1= 44
é 0
sE 2
n 3
m N
©
=
@
o

B 10
9-
- ® SS-loaded MNs 9.6
s 8 + SS-loaded MNs 5.0
g 7- 4 SS-loaded MNs 2.4
[
S~ 6 2~ SSs.c.
[
8§ 5
23
© 4-
o 2
1-
0 - ,\—.
8 9 10

Time (h)

(Biological and Pharmaceutical Bulletin, Fig. 6)
Fig. 24. Plasma concentration-time profiles of sumatriptan succinate (SS) after intravenous
(i.v.), oral, subcutaneous (s.c.) and transdermal administration. Results are presented as the
mean xS.E. of at least four experiments.
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Table 2. Pharmacokinetic parameters of sumatriptan succinate (SS) after intravenous (i.v.),

oral, subcutaneous (s.c.) and transdermal administration in rats.

Dose Cmax T max AUC_10n BA
Groups
(mg/kg)  (pg/mL) (min) (ng'min/mL) (%)
SS i.v. 5.0 i i 328.5 +£25.7 i
SS oral 5.0 02+01  263+38 67355  20.5+38
SS s.c. 5.0 39403 150400 3064+95 93376
SS-loaded MNs 2.4 2.4 1.0+0.7 750287 1381240 g76+143
SS-loaded MNs 5.0 5.0 24402  67.5+75 2951436 898421
SS-loaded MNs 9.6 9.6 40405  525+67 57034189 9044103
MNs+SSsolution 50  003+002 225+43 2606 0.8 +£0.3

Results are presented as the mean =+S.E. of at least four experiments. ~ p < 0.001, compared

with oral administration. (Biological and Pharmaceutical Bulletin, Table 1)

2.12. Discussion

In the present study, sodium hyaluronate was used to produce a self-dissolving MN for
enhancing the transdermal delivery of SS. As sodium hyaluronate is a skin tissue component,
it is considered safe for this biomedical application. It was apparent that MNs had advantages
over the traditional passive patch system, since they could overcome the stratum corneum
barrier by inserting into the skin and could effectively improve the transdermal delivery of SS,
these findings suggested that the novel MN-mediated system was the optimal method for

transdermal SS delivery.
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In order to improve the transdermal delivery of SS from the SS-loaded MNs, we evaluated
the effect of needle length, thickness, density and penetration enhancers on the skin
permeation amount of SS. It was found that MNs having different lengths affected
transdermal delivery of SS, with 800 um long MNs delivering more SS across skin compared
to that of 500 um. This finding was consistent with reports by Oh et al. who estimated the
influence of needle length on the skin permeation of calcein, and showed that 500 um MNs
significantly increased drug delivery compared with that of 200 pum MNs [66]. However, as
shown in Fig. 10A, there was approximately 1.1 mg/cm?® SS was detected in the receptor
compartment within 4 h, which was too low to achieve the therapeutic action compared with
the case of Zecuity® (NuPathe Inc, Conshohocken, PA, U.S.A.), an iontophoretic delivery
system containing SS for the acute treatment of migraine, which contains 86 mg sumatriptan
(base) and is able to deliver 6.5 mg sumatriptan (base) over 4 h.

To further improve the skin permeation amount of SS, we tried to enhance the drug
loading of MNs by increasing the thickness of needles. Indeed, the SS loading was improved
from 9.8 to 11.2 mg/cm?. However, Fig. 11A indicated no significant differences of the
permeation profiles between the usual MNs and the thick MNs. This may be plausible that the
saturation of the SS aqueous solution we used to fabricate the SS-loaded MNs, therefore the
transport becomes independent of concentration. Afterwards, it was also found that the
delivery of SS did not increase by addition of enhancers, which may be explained that after
inserting MNs into skin, the water soluble needles rapidly dissolved upon touching the skin
interstitial fluid and, hence, it was difficult to bring the enhancers’ superiority to play. On the
other hand, the enhancers may be more useful for the needle free transdermal preparations, by
using which could raise the delivery of model drugs through the skin barrier.

Cumulative permeated amount of SS was found to significantly increase with increased
number of needles. Assuming each MN created perfectly circular hole of exactly the same

dimensions of its base diameter, this would mean that the surface hole area induced by usual
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and high density MN was calculated to be about 3.5 <10° um? and 4.8x10° um?, respectively.
By increasing the numbers of needles per array, resulting in a 1.4-fold increase in the total
hole area. Consequently, it was possible that the enhancement in SS penetration observed may
be largely due to an increase in the surface area of the MN-induced holes. These findings
were well consistent with the previous studies [43,46]. It was also evident from Fig. 13A that
the high density MNs delivered around 2.2 mg/cm? SS within 4 h, which equaled to 1.6
mg/cm? sumatriptan base (MW of SS was 413.5 Da, MW of sumatriptan base was 295.2 Da)
was able to delivered into the skin. Based on the market available s.c. injection formulation
Imitrex® (GlaxoSmithKline, Brentford, Middlesex, UK) of sumatriptan for the treatment of
migraine, for single dose, 6 mg is needed in the U.S.A., whereas in Japan 3 mg is set basing
on the similar analgesic effect. With these findings in mind, we concluded that for the
transdermal delivery of sumatriptan, approximately 3.5 mg is enough for anti-migraine
therapy in Japan, in contrast to 6.5 mg of Zecuity®in U.S.A. In addition, for the MNs with the
length of 800 pum, the maximum diameter suitable for clinical application is 2 cm, which
means the maximum area of each circular array is limited to 3.14 cm?. In the present study, it
was found that about 1.6 mg/cm? sumatriptan was delivered with the diameter of 1 cm,
assuming that increased the diameter to 2 cm, approximately 5.0 mg sumatriptan would be
delivered into the skin, which considerably exceeds our target 3.5 mg. Therefore, although
further practical verifications are needed, our MNs containing 11.0 mg/cm? SS with the
circular diameter of 2 cm is feasible to deliver therapeutic dose of SS to migraine patients,
and was chosen for the further in vitro and in vivo characterizations studies.

Due to the hydrophilicity of sodium hyaluronate, our fabricated MNs might easily absorb
moisture under conditions of high humidity, which could affect needle morphology and/or
strength. We therefore evaluated the effect of hygroscopy on the mechanical strength of
SS-loaded MNSs. It was found that the MNs maintained their skin piercing capability for up to

30 min after being placed at a high relative humidity of 75%. Moreover, the structure of MNs
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did not change during the 24 h experimental period. These findings indicated the feasibility of
practical application of these MNs. Our sodium hyaluronate based MNs therefore had an
advantage over previously reported dissolvable MNs. For example, MNs fabricated from
galactose by Donnelly et al. rapidly deformed in conditions exceeding humidity of 43%, and
completely dissolved within 1 h at a relative humidity of 75% [47].

OCT is a non-destructive optical imaging technique which allows acquisition of 2 D or
three-dimensional (3 D) image data in situ and in real time, up to a depth of 2 mm below the
surface of the tissue [67,68]. Recently, OCT has been as a valuable tool to evaluate the
penetration characteristics, and subsequent in-skin dissolution Kkinetics of MNs after
application onto skin [69,70]. We chose OCT, rather than traditional histological sectioning
and staining, to visualize drug pathways in real time after the removal of MNs, thus avoiding
skin damage by freezing, which could result in an altered skin structure. It was found that
distinct uniform micropores were created en face, confirming that the stratum corneum had
been breached. In addition, 2 D images indicated that the MNs had successfully penetrated the
epidermis and extended into the papillary dermis. The results further proved that even in the
case of high drug loading, these sodium hyaluronate-fabricated MNs, with a tapered
cone-shape geometry, possessed sufficient mechanical strength to puncture the human skin,
and that a length of 800 um was sufficiently long to deliver SS into the upper dermis.

Compared with silicon-, metal- or glass-fabricated MNs, our novel MNs choosing sodium
hyaluronate as the basal materials were biocompatible. We observed that microneedles were
totally dissolved after in vivo application onto rat skin by 1 h. It was also noted that almost all
of the formulated SS was released from the MNs within 1 h in vitro, indicating that these
MNs were speedily and completely dissolved in aqueous solution. These findings suggested
that SS was rapidly released from the arrays both in vitro and in vivo.

To evaluate the integrity of the stratum corneum barrier and skin permeability, TEWL

values were measured after application of MNs and after tape stripping treatment [71-73]. We
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found that although TEWL immediately increased after application of MNs, the values were
lower than those observed after tape stripping treatment. Furthermore, TEWL gradually
recovered back to baseline levels within the experimental period after MN treatment,
implying that the micropores created by MNs were subsequently closed. In contrast, no
significant recovery in TEWL was seen after tape stripping. These findings corroborated those
of previous reports [74]. It is well known that an increase in TEWL reflects skin disruption
and enhanced skin permeability. These findings confirmed that the MNs effectively pierced
the skin, consistent with the OCT data.

It was found that moderate irritations were emerged along with the high density SS-loaded
MNs, which was slightly higher than that of placebo usual MNs (P.1.l. was 1.7, classified to
slight irritations) [64]. It may be plausible that increased number of needles was in parallel to
increase the number of pores per unit area, thus, resulting in relatively higher skin damage, as
confirmed in the skin permeation experiments as mentioned above.

To vividly observe resealing of micropores created after application of MNs, we recorded
the surface of the treated skin. This revealed that the small pores rapidly resealed over time,
and had almost entirely disappeared within 24 h. This finding was highly consistent with the
results obtained from TEWL measurement. The increases in TEWL values corresponded to
pore creation, while decreases in TEWL could be attributed to effective pore resealing. Zhou
et al. previously reported that MNs induced much less skin damage than a 25-G hypodermic
needle [74]. Therefore, these results demonstrated that skin puncture by the dissolving MNs
caused only slight skin damage, which was reversible in vivo.

Various transdermal systems were developed to achieve SS delivery via the skin, instead
of more traditional formulations [15-19,75,76]. In addition to in vitro and preclinical studies,
Pierce et al. [19] reported an iontophoretic transdermal technology for the acute treatment of
migraine, where the Tmax Was approximately 2 h and serum SS concentration was maintained

at 20 ng/mL for 4 h in humans, indicating effective SS delivery. However, this delivery
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system had disadvantages, including local reactions at the application site that could result in
pruritus or pain [60,61]. Compared with these previous studies, the present study
demonstrated that SS could be delivered into the systemic circulation effectively and
painlessly using SS-loaded MNs fabricated from highly biocompatible sodium hyaluronate,
thus resulting in good patient compliance. The transdermal absorption of SS after application
of the MNs was almost equivalent to that observed after s.c. injection. High SS absolute BA
(approximately 90%) was obtained after the application of SS-loaded MNs, which was much
higher than that produced by oral administration. These findings suggested that this novel MN
system could improve the transdermal delivery of SS effectively. Additionally, compared with
s.c. injection, the slightly prolonged Tmax and low Crax values seen following MN application
may be due to the time required for the SS-loaded MNs to dissolve, providing a more
sustained delivery of SS to the systemic circulation, in contrast to the rapid diffusion of SS
following s.c. injection.

In addition, it was also demonstrated that only a marginal plasma concentration was
achieved by application of SS solution to MNs pretreated skin. This may reflect the rapid
closure of the small pores created by MNSs, as confirmed by the TEWL and micropore
recovery experiments above. Therefore, the delivery of SS gradually reduced over time and
most of the SS was trapped in the stratum corneum. However, further studies are required to
clarify this finding.

We observed that no significant differences in the pharmacokinetic characteristics of the
SS-loaded MN group and the s.c. injection group using the same doses of SS, suggesting that
SS-loaded MNs delivered similar amounts of SS as s.c. injection. These findings
demonstrated that the novel sodium hyaluronate MN delivery system was an excellent
alternative candidate for delivering SS to migraine patients, while avoiding the pain

associated with use of hypodermic needles.
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COMPARISONS BETWEEN WATER EMULSION PATCH AND SELF-
DISSOLVING MN

In this study, both the Nikasol patch and sodium hyaluronate MN were successfully
developed for increasing transdermal delivery of SS into systemic circulation.

Merits of the patch system were tiny or negligible skin irritation, easy to
self-administration without external application devices. However, even it was feasible in
delivering therapeutic amount of SS to the skin, the large size was inconvenient in practical
application. On the other hand, the transdermal patch system will be more effective for the
compounds with hydrophobicity, good compatibility with adhesive, or when parenteral
administration is necessary.

MN was able to pierce the skin barrier, thus delivering contained SS to the skin at efficient
level even in a small size. Moderate skin irritation was induced after application of SS-loaded
MN, however, the skin damage recovered to normal within 24 h. Moreover, the novel MN
choosing sodium hyaluronate as basal material possessed high biocompatibility and were able
to dissolve upon application to the skin. Even though in case of multiple administrations, less
pain and lower side effects including skin reactions will be caused when compared with
hypodermic needles. MN has high potential to efficiently deliver a variety of compounds into
skin, especially for those which are difficult to pass through the skin such as protein or drugs
have high hydrophilicity. In addition, MN associated rapid onset of action, which is very
useful in anti-migraine treatment, in contrast to the prolonged delivery of SS following the
patch system.

Therefore, based on these findings, for transdermal delivery of SS, a high dose, high
hydrophilicity, and low molecular weight drug, the novel self-dissolving MN seems to be a

more effective method in clinical setting.
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CONCLUSIONS

Chapter 1:

1) Nikasol was found to be a much more excellent adhesive than HGA in increasing
permeability and absorption of SS cross the skin.

2) Compared with oral administration, the Nikasol patch achieved a higher BA and

consistent plasma concentration over an extended period of time.

Chapter 2:

1) Skin permeation of SS from the sodium hyaluronate-fabricated SS-loaded MNs could be
modulated by controlling needle length and density to achieve the clinical therapy
requirements.

2) The novel self-dissolving SS-loaded MNs were strong enough to uniformly penetrate the
skin without breakage, and possessed suitable hygroscopy, drug release profiles and
dissolution properties.

3) The skin disruption caused by MNs was reversible, and the micro pores created by MNs
recovered within 24 h after application.

4) The delivery of SS achieved by MNs was almost equivalent to that observed after
subcutaneous injection, and was considerably higher than that associated with oral

administration.

To sum up, both the Nikasol patches and the sodium hyaluronate MNs are useful

alternative approaches for increasing transdermal delivery of SS without serious skin damage.

Further, the novel MNs are a much more effective formulation in the clinical application.
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