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ABSTRACT

Traditional non-invasive transdermal patch systems are simple and comfortable to use, but
the choice of therapeutics is limited to small molecules due to the existence of stratum
corneum. To overcome this skin barrier, microneedle arrays (MNs) have gained increasing
attention as a novel minimally invasive method and they are able to deliver a variety of
molecules into the skin, including small drugs, macromolecules, nanoparticles and fluid
extracts. MNs have been demonstrated to effectively penetrate the stratum corneum into the
epidermis and/or superficial dermis to administer compounds into the skin for local or
systemic administration. Their sharp tips and target insertion depth reduce the risk of
encountering the nerves that perceive pain. Among numerous research works regarding MNs,
the ones made of biocompatible and biodegradable polymers and carbohydrates appear to be
an attractive drug delivery system. They have the potential for loading drugs into a matrix of
needles and efficiently releasing them in the skin by biodegradation or dissolution in the
interstitial fluid; a one-step application. If left in the skin, these types of needles safely
degrade and eventually disappear, which are free from the risk of complications of the ones
fabricated from silicon, metal and glass.

Based on these observations, in this study, novel dissolving MNs fabricated from
hyaluronic acid (HA) were developed, evaluated their characteristics and assessed the
improvement on transdermal delivery of relatively high molecular weight drugs. Moreover,
insulin-loaded MNs with insulin containing in whole needles were fabricated and
characterized their ability of transdermal delivery of insulin to type 1diabetic rats in an in vivo
system. Furthermore, in order to minimize the wastage of drug, accurately control the drug
dose and achieve a fast drug delivery, exendin-4 tip-loaded MNs were developed and

investigated their acute efficacy in type 2 diabetic GK/SIc rats in an in vivo system.



1. The characteristics of novel microneedle arrays fabricated from hyaluronic acid

MNs fabricated from HA have 190 microneedles in a circular array with a diameter of 10
mm. Each needle was approximately 800 um in height, and had a diameter of 160 um at the
base and 40 pum at the tip. After being inserted into the dermis, they created drug permeation
pathways that had a similar shape to the inserted MNs in the histological cross-section of skin.
The MNs containing blue dyes uniformly created pathways on surface of rat skin, and the
blue dots corresponded to the injection sites of the MNs. After the application onto rat skin in
vivo, MNs appeared to slightly dissolve at 5 min and approximately completely dissolve
within 1 h. Moreover, the MNs significantly increased transepidermal water loss and reduced
transcutaneous electrical resistance, indicating that they could puncture the skin and create
drug permeation pathways successfully. Both of the value almost recovered to baseline levels
in the MN group, and relatively small pathways created by the microneedles rapidly
recovered as compared with those created by a tape stripping treatment. Slight erythema but
no edema appeared at the injection sites at 1 h and disappeared within 24 h. The primary
irritation index of the MNs was calculated to be 1.7, indicating that irritation and skin damage
caused by MNs were slight. Furthermore, in this study, fluorescein isothiocyanate-labeled
dextran with an average molecular weight of 4 kDa (FD4) was used as a model drug with a
relatively high molecular weight. It was found that the transdermal permeability of FD4 using
the MNs was much higher than that of the FD4 solution. Furthermore, the MNs were much
more effective for increasing the amount of FD4 accumulated in the skin. These findings
indicated that using novel MNs fabricated from HA is a very useful and effective strategy to
improve the transdermal delivery of drugs, especially relatively high molecular weight drugs

without seriously damaging the skin.

2. Application in the transdermal delivery of diabetes drugs
Insulin-loaded MNs with insulin containing in whole needles were uniform in size with
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sharp tips. They maintained their skin piercing abilities for at least 1 h, even at a relative
humidity of 75 %. After storing insulin-loaded MNs for a month at —40, 4, 20, and 40 °C,
more than 90 % of insulin remained in MNs at all temperatures. It was also found that insulin
was released from MNs at a relatively constant rate via an in vitro release study, and the
majority of the insulin was released within 1 h. These findings were consistent with the
complete dissolution of MNs within 1 h of application to rat skin in vivo. Therefore, the novel
HA MNs possess self-dissolving properties after their dermal application, and insulin appears
to be rapidly released from these MNs. Furthermore, a dose-dependent hypoglycemic effect
and transdermal delivery of insulin were observed after a dermal treatment with
insulin-loaded MNs in vivo. A continuous hypoglycemic effect was observed after 0.25 IU of
insulin was administered to skin via MNs. Additionally, lower peak plasma glucose levels, but
higher plasma insulin concentrations after 2 h, were achieved with 0.25 1U of insulin
administered via MNs as compared to the subcutaneous administration of insulin of the same
dose. Pharmacodynamic and pharmacokinetic parameters indicated that insulin administered
via MNs was almost completely absorbed from the skin into the systemic circulation, and that
the hypoglycemic effect of insulin-loaded MNs was almost similar to that of the subcutaneous
injection of insulin. These findings indicate that the novel insulin-loaded MNs fabricated from
HA are a very useful alternative method of delivering insulin via the skin into the systemic
circulation without inducing serious skin damage.

In order to further improve the efficacy of soluble MNSs, drug tip-loaded MNs were
designed and developed. FD4 was selected as a model drug, and content in FD4 tip-loaded
MNs was shown with standard error below 10 % in the microneedles with dosage of 1, 2 and
4 ug/patch. In vitro release of drug was rapid even at 30 s at the beginning, and the majority
of the FD4 was released within 5 min. Furthermore, in the acute efficacy study in type 2
diabetic GK/Slc rats, exendin-4 tip-loaded MNs showed a nearly equivalent efficacy as
subcutaneous injection on glucose tolerance and enhancement of insulin secretion. The
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pharmacokinetic property of exendin-4 tip loaded MNs was observed closely matched the

same dosage exendin-4 subcutaneous injection.

In conclusion, these findings indicate that the novel soluble MNs fabricated with HA were
very useful alternative method to deliver drug from the skin to the systemic circulation
without serious skin damage. Therefore, the HA MNs might be effective and safe dosage form
for transdermal delivery of insulin and exendin-4 in clinical applications for the treatment of

diabetes.



INTRODUCTION

Traditional non-invasive transdermal patch systems are simple and comfortable to use, but
the choice of therapeutics is limited to small molecules due to the existence of stratum
corneum. To overcome this skin barrier, MNs have gained increasing attention as a novel
minimally invasive method [1, 2]. Needles with micrometer dimensions have been
demonstrated to effectively penetrate the skin barrier of the stratum corneum and create
efficient pathways for the delivery of small drugs, macromolecules and nanoparticles, as well
as for fluid extraction [3-6]. They are long enough to penetrate the stratum corneum and
provide precise penetration depth under the skin by controlling the length of the needles [7].
Their sharp tips are short enough to reduce damage to skin nerves and pain [8, 9], and narrow
enough to induce minimal trauma and reduce the opportunities for infections to develop
during insertion [10]. Therefore, this novel approach was proposed as a hybrid to combines
the advantages of conventional injection needles and transdermal patch while minimizing
their disadvantages.

In previous researches, most microneedles have been fabricated from silicon [11-13], metal
[14-16] and glass [17]. Since the loading amounts of drugs into these types of microneedles
are quite limited, these needles have been used for the skin treatment before or after the
application of a topical formulation or patch to facilitate the transdermal absorption of drugs
[12, 13, 15].Furthermore, due to the decrease in pore size over time after removal of the
needles, only small amounts of drugs can be delivered through the pathways created. In such
cases, large amounts of drugs with high concentrations have to be used in order to obtain a
detectable effect [18, 19]. Moreover, this two-step application process is cumbersome for
patients and prone to errors. To overcome these shortcomings and limitations, microneedles
with drug-coated shaft surfaces have been developed recently [11, 20-22]. Model drugs were
uniformly coated on needle shafts, and coatings were rapidly dissolved in the skin without
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wiping off on the skin surface [21, 22]. However, these microneedles have been limited to
small drug doses (micrograms) due to their inherently small volume and surface area.
Moreover, there is a critical risk that microneedles can be accidentally broken and remain in
the skin for a long period of time, similar to the cases of traditional microneedles fabricated
from silicon, metal and glass.

Among numerous research works regarding MNs, attention has been paid to the use of
microneedles fabricated from biocompatible and biodegradable polymers [23-25] and
carbohydrates [26-30], which are free from the risk of complications. If left in the skin, these
types of needles safely degrade and eventually disappear. They also have the potential for
loading drugs into a matrix of needles and releasing them in the skin by biodegradation or
dissolution in the interstitial fluid; a one-step application. However, during the fabrication of
MNs consisting of biodegradable polymers or maltose [23, 28, 31-34], a heating step is
required, which may cause the breakdown of heat-sensitive drugs, such as insulin, and in turn,
eradicate their pharmacological activities. Additionally, most of the previous polymer needles
have slow-degrading characteristics which can retain drugs in the skin for a long period of
time. Therefore, they are suitable for sustained delivery of drugs. Unlike polymeric needles,
maltose and galactose MNs are readily soluble and dissolve in skin within minutes. However,
in a wet environment exceeding humidity levels of 43 % to 50 %, these MNs are rapidly
dissolved due to hydrolysis, which leads to a rapid deformation or disappearance of needles,
and poor insertion ability into the skin [29, 33].

To overcome these shortcomings, in this study, HA was selected as a basis material to
produce MNs. HA is a water-soluble polymer of disaccharides, naturally found in many
tissues of the body, such as skin, cartilage and the vitreous humor. In 2003, the FDA approved
HA injections for filling soft tissue defects. Until now, HA was used as a common ingredient
in cosmetics to minimize the appearance of facial lines and wrinkles, with effects typically
lasting for different times according to the molecular weight of the injected HA. Moreover,
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HA has also been added to moisturizers, makeup and soap. It has a high potential to provide
desired drug release by using the HAs with different molecular weight. Its high
biocompatibility and other physical and chemical properties make it a suitable candidate for
the fabrication of microneedles without any heating step. Moreover, the absence of organic
solvents and elevated temperatures are notable advantages for preserving peptide and
biomolecule stability. Furthermore, the mold-based fabrication process is relatively in
expensive and suitable for mass production,in contrast to other published methods that require
more complex multistep fabrication schemes.

Based on these findings, HA-fabricated MNs was prepared in this study. In Chapter 1, the
piercing and dissolution properties of the MNs in the skin were examined. The disruption and
the recovery of skin after their application were further assessed to confirm the safety of these
arrays. Moreover, FD4 as a model drug with relatively high molecular weight was loaded in
HA-fabricated MNs. It was used to compare the transdermal delivery of FD4 using MNs with
a solution formulation in vitro. It is generally known that the in vivo experimental conditions
including pharmacodynamic effects, metabolic activity and blood supply differ from the in
vitro conditions. Further studies with the MNs containing therapeutic drugs for diabetes were
conducted to confirm the potential use in clinical application in Chapter 2.

Insulin medication is currently effective in the treatment of Type | diabetes. Due to the poor
absorption or enzymatic degradation of insulin in the gastrointestinal tract and liver, the
subcutaneous route has been so far the preferred method of insulin administration. However,
this route is associated with poor patient compliance due to the pain caused by injection and
risk of inflammation and infection. Consequently, minimally invasive and comfortable routes,
including pulmonary, nasal, buccal, and transdermal routes, have been investigated as
alternative delivery routes of insulin [34-39]. However, the absorption of insulin from these
routes into the systemic circulation is still poor compared to the subcutaneous injection route,
and a more effective method of administration is warranted for the delivery of insulin, as well
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as other peptide and protein drugs, into the systemic circulation. Therefore, insulin-loaded
MNs was prepared with insulin loaded in whole needles in this study. The characteristics of
hygroscopy, stability and in vitro release were assessed, and the transdermal delivery of
insulin was compared with subcutaneous injection route in diabetic rats in vivo.

Exendin-4 is the first glucagon-like peptide-1 (GLP-1) receptor agonist to be approved for
therapeutic use in humans. This peptide has 39 amino acids originally isolated from the saliva
of the gila monster. It shares approximately 53 % sequence homology with the mammalian
gut hormone, GLP-1 [40].Due to changes in amino acid sequence, exendin-4 is resistant to
degradation against the enzyme dipeptidyl peptidase-4 (DPP-4)[41-43], and has a longer
half-life than native GLP-1. As a GLP-1 receptor agonist, exendin-4 shows numerous
anti-diabetic actions, including glucose-dependent simulation of insulin secretion [44, 45],
suppression of glucagon secretion [45, 46], reduction of gastric mobility and food intake
[45-47] and improvement in pancreatic endocrine function [45, 46]. Twice-daily subcutaneous
injection has been associated with improvements in glycemic control in type 2 diabetic
subjects that are inadequately treated with existing antidiabetic agents [48, 49]. However, its
therapeutic utility is limited because of the frequent injections required and the associated
inconvenience to patients. In addition, drug loading in whole MNs is difficult to accurately
control the drug dose delivered to skin because only part of the needle could be inserted into
skin due to skin deformation during insertion in many previous studies [50-52]. To address
these issues, exendin-4 tip loaded MNs were prepared and exendin-4 was only localized in the
needle tips, which can be delivered into skin within short application time despite skin
deformation. This allows drug delivery to be controlled and minimizes drug loss. Moreover,
drugs with higher concentration MNs can be more quickly delivered to the skin, when
compared with drug-loaded whole MNs. Therefore, exendin-4 tip loaded MNs were
characterized, and their acute efficacy was compared with subcutaneous injections by
intraperitoneal glucose tolerance tests (IPGTTS) in type 2 diabetic GK/SIc rats in vivo.
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CHAPTER 1 Characteristics of novel microneedle arrays fabricated from

hyaluronic acid

Since skin is elastic and deforms during insertion, microneedles with specific physical and
geometrical properties are necessary to puncture the skin without breaking. Verbaan et al.
reported that unlike 550, 700 and 900 pum microneedles, short (i.e. 300pum) microneedles did
not puncture the dermal skin successfully due to the deformation of skin [52]. Thus, to deliver
drug deeply into dermis, the HA MNs were designed to have the length of 800 um which is
reasonably long enough to overcome the bulk elastic tissue compression of the skin. Moreover,
microneedles with sharp tips might reduce the force needed to puncture the skin, but
increased sharpness usually reduces mechanical strength. Previous studies have shown that
the strength of microneedles was reduced with an increase in needle length and a decrease in
base diameter [32]. To improve mechanical strength, the geometry of tapered-cone shaped
microneedles with a base diameter of 160 um and a tip diameter of 40 um was designed to
expect sufficient mechanical strength for insertion. Additionally, the pitch between needles
was chosen to be 600 um in order to prevent neighboring needles from hindering each other
during insertion. One problem in the MN application is that the insertion depth and the
insertion ratio of the HA MNs may vary due to the application force and the skin property of
different subjects. For reproducible insertion in skin, HA MNs were applied into the skin by
an applicator which can apply MNs into the membrane or skin with a definite force (15
N/cm?).With this applicator, the energy applied on MNs is well controlled, and the force is
enough for the consistent insertion of MNs into the skin.

In this study, the penetration capacity of the HA MNs with the design mentioned above was
tested in the histological analysis. Moreover, the skin disruption caused by MNs was
determined with TEWL and TER measurements. The recovery of insertion site and the skin
primary irritation were assessed to confirm the safety of these arrays. Furthermore, FD4 as a
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model drug with relatively high molecular weight was loaded in HA-fabricated MNs. It was

used to further investigate the enhancement effect on transdermal delivery of FD4 in vitro.

1.1. Materials

HA was kindly provided by Shiseido Co., Ltd. (Tokyo, Japan).FD4 was purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA).Tissue-TeK® O.C.T. Compound was
purchased from Sakura Finetek Japan Co., Ltd. (Tokyo, Japan). All other chemicals and
reagents were of analytical reagent grade.

Male Wistar rats, weighing 220-270g, were purchased from Shimizu Laboratory Supplies
Co., Ltd. (Tokyo, Japan). All experiments were performed in accordance with the guidelines

of the Animal Ethics Committee at Kyoto Pharmaceutical University.

1.2. Fabrication of hyaluronic acidmicroneedle arrays
1.2.1 Methods

The MNs without any drug material (placebo), and containing blue dye or FD4, were
fabricated by micromoulding technologies with HA as a base material. The fabrication
process of MNs can be considered as transcription from the micromould with needle-shape in
place. In detail, 15 % HA solution was obtained by mixing well with distilled water. Blue dye
or FD4 solution was added to the 15 % HA solution and mixed well to prepare HA solution
containing blue dye or FD4. 0.1 ml of the resulting HA solution containing blue dye or FD4
was placed on a 2 cmx2 cm micromould at room temperature. After 2 h drying in desiccator, a
2 cmx2 cm PET adhesive tape was attached on the base plate for reinforcing, then 0.1 ml of
20 % HA solution was placed on the PET. After drying completely, a sheet of MNs containing
blue dye or FD4 was obtained by peeling the mold off. MNs containing blue dye or FD4 in
circular area with a diameter of 10 mm were obtained by cutting the sheet with a punch.

Using this fabrication process, the resulting base plate below PET connected with needles
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was considered to consist of HA and blue dye or FD4 with same concentration as that in
needles. In the case of MNs containing 5 % (w/v) FD4, the total amount of FD4 is 250 pg,

including 50 pg in needles and 200 pg in base plate.

1.2.2. Results and Discussion

Fig.1 A and B show the overall and magnified view of the MNs fabricated from HA by a
video microscope. They were designed to have 190 microneedles in a circular array with a
diameter of 10 mm. Needles were tapered cone-shaped and of uniform dimension. Each
needle was approximately 800 pmin height, and had a diameter of 160 pum at the base and 40

pm at the tip. The rows of needles for the MNs were spaced at a distance of 600 pm.

(European Journal of Pharmaceutics and Biopharmaceutics, Fig.1)

Fig.1. (A) MNs observed by a video microscope and (B) image of a portion of the
microneedles with a length of 800 um, a diameter of 160 um at the base and 40 um at the tip.

Bars = 200 um.

1.3. Penetration capacity of hyaluronic acidmicroneedle arrays
1.3.1. Methods
MNs were used for insertion into human cadaver skin and left in place for 5 min. Upon

removal of the MNs, the skin sample was subsequently embedded in OCT compound. The
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samples were then frozen in dry ice and acetone (=78 °C) and sectioned into 10-pum-thick
slices using a cryomicrotome (Histostat Cryostat Microtome, Buffalo, NY, USA). The skin
sections were stained with H&E and examined using a bright-field microscope (BZ-8000,

Keyence, Osaka, Japan) to observe the pathway created by the microneedle.

1.3.2. Results and Discussion

To confirm the puncturing property of MNs, the cross-section of skin was observed after
MNs insertion.Fig.2A shows the histological cross-section of untreated skin after H&E
staining, which assists with visualization of skin architecture. The outermost layer of skin is
the stratum corneum and the underlying thin layer is the epidermis, which is seen atop a thick
layer of dermis. As shown in Fig.2A, a drug permeation pathway is non-existent before the
application of the MNs. Fig.2 B shows the cross-section of the skin after the application of the
MNs. After being inserted into the dermis, they created drug permeation pathways that had a
similar shape to the inserted MNs. Moreover, as shown in Fig.2C, the MNs insert into skin
with a distance similar to the pitch of microneedles, indicating that the MNs were uniformly
inserted. The incision created by MNs is found to be approximately 130 um, and the depth of
the incision is at least about 300 um. The effective penetration is found to be shorter than the
total length of the microneedles, which has also been mentioned in previous papers [50, 51].
However, the incision dimensions above may be underestimated because the skin is elastic

and may retract during preparation of skin sections after microneedle removal.
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(European Journal of Pharmaceutics and Biopharmaceutics, Fig.2)

Fig.2. (A) Untreated skin section after H&E staining. (B) and (C) Microneedle-treated skin

section after H&E staining. Bars = 100 pm

1.4. Visualization of micropores created by insertion of microneedle arrays
1.4.1. Methods

MNs containing blue dye were applied to the rat skin and left in place for 1 h in vivo. After
removal, pictures of the treated skin site were taken using a digital camera to confirm the

uniformity of the insertion.

1.4.2. Results and Discussion

To confirm the uniform insertion of MNs, the surface of the test site after insertion was
observed. Fig.3A shows the surface of rat skin after insertion of the MNs containing blue dye.
Fig. 3B indicates the microscope images of MNs containing blue dyes after 1 h application in
rat skin. Needles were completely dissolved within 1 h, and the application site was stained
by blue dye released from microneedles. Moreover, the blue dots corresponded to the
application sites of the MNs. No breakage or residue of needles was observed on the skin
surface. These findings indicated that the blue dye loaded HA MNs have sufficient

mechanical strength for insertion and uniformly created pathways that the drug was
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successfully delivered into the skin.

(European Journal of Pharmaceutics and Biopharmaceutics, Fig.3)

Fig.3. (A) Photograph of rat skin after insertion of MNs containingblue dye and

(B)microscope image of MNs containing blue dye afterl h application in rat skin.

1.5. Diffusion of FD4 in human skin with microneedle arrays containing FD4
1.5.1. Methods

The diffusion of FD4 from the MNs in human cadaver skin was observed in order to assess
the microneedle-media transdermal drug delivery. MNs containing 5 % FD4 were inserted
into human cadaver skin for 1 h. After removal, the skin sections were obtained by the same
process mentioned above in 1.2.2 and examined by an all-in-one fluorescence microscope

(BZ-8000, Keyence, Osaka, Japan).

1.5.2. Results and Discussion

Figs. 4A and B show cross-sections of human skin untreatedand treated with MNs
containing 5 % FD4. Collectively, these observations suggested that themicroneedles
successfully delivered FD4 into the skin and that the deposition of FD4 was localized to the
resulting microchannels. Moreover, most fluorescence was observed to be along the shaft of

the insertion path. The nearer to the incision, the higher intensity was observed. These
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findings indicate that, along with the dissolution of the needles, FD4 was released from the

soluble MNs and delivered to the skin by diffusion.

(European Journal of Pharmaceutics and Biopharmaceutics, Fig.2)

Fig.4. (A) Fluorescence microscopy image of untreated skin section. (B) Fluorescence
microscope image of skin section after application of 5 % (w/v) FD4-loaded MNs for 1 h.

Bars = 100 um

1.6. Dissolution of microneedle arrays in rat skin
1.6.1. Methods

Rats were anesthetized and abdominal skin was shaved prior to the initiation of the
experiment. HA MNs were then applied onto abdominal skin and fixed with a gum tape. At
indicated time intervals, HA MNs were removed from the skin sites and visualized with light

microscopy.

1.6.2. Results and Discussion

Fig. 5 demonstrates the bright micrographs of MNs before and after their application onto
rat skin in vivo at 5 min, 30 min, 1 h, 2 h and 7 h. MNs appeared to successfully pierce
through rat skin without any bending or cracking and started to dissolve at 5 min. It is also

evident from Fig. 5 that approximately 3/4 of the total length was dissolved at 30 min, all of
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the needles were completely dissolved within 1 h and the base plate started to be dissolved
after the application at 2 h. Moreover, continuous dissolution of the base plate was seen after
application at 7 h. Therefore, the novel HA MNs appear to have self-dissolving properties and

are easily dissolved upon application to skin.

(European Journal of Pharmaceutics and Biopharmaceutics, Fig.4)

Fig.5. Dissolution of MNs after their application onto rat skin in vivo at the indicated time

points. Bars = 200 um

1.7.Determination of transepidermis water loss
1.7.1. Methods

Since shaving the skin may possibly compromise the stratum corneum, the back skin of rats
was shaved 24 h prior to the experiment. Just before the application, healthy rats without
signs of illness were chosen and their skin without scratch or wound was confirmed to be
normal. After confirmation of skin site, rats were anesthetized with an intraperitoneal
injection of 45 mg/kg pentobarbital sodium and acclimated in ambient conditions for 1 h
(room temperature of 25 °C and a relative humidity of 50 %). TEWL was measured with a

Tewameter (TM 300, Courage and Khazaka Electronic GmbH, Cologne, Germany) at skin
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sites without any treatment (control group), skin sites applied with HA MNs (MN group) and
skin sites treated with sequential tape-stripping 15 times using adhesive cellophane tape (TS
group). The MNs with approximately 190 needles in the circular area with a diameter of 10
mm were used in the MN group. The treated area of TS group was the same as the treated area
of MN group (a circular area with a diameter of 10 mm). TEWL was measured before

treatments and at 0, 15, 30, 60 and 90 min after treatments in all groups.

1.7.2. Results and Discussion

The measurement of TEWL is a standard method of determining changes in skin barrier
properties, and is frequently used in dermatological and cosmetological fields [53, 54]. This
method allows researchers to uncover disruptions in the skin barrier during early stages of
development, even before they are noticeable. Recently, the TEWL has been used to evaluate
the integrity of skin after the application of MNs [52, 55, 56].Therefore, to assess the
puncturing properties, TEWL of the injection sites was measured in the study. Before
treatment, TEWL of intact skin was approximately 15.8 +1.1 g h™*m 2. As shown in Fig.6,
immediately after treatment, a significant increase in TEWL was observed in both the MNs
(P<0.01) and tape stripping (P<0.001) groups, compared with the control group. The
maximum percent change in TEWL was observed in the tape stripping group with a value of
492.0 £ 62.3 %. However, TEWL did not decrease after the tape stripping treatment over the
course of the experimental period, suggesting that the effects of tape stripping might be
irreversible. On the other hand, after insertion of the MNs into the skin, TEWL also increased
to 293.8 + 35.9% of the baseline value. However, the percent increase in TEWL was much
lower than that observed in the tape stripping group. These findings demonstrated that the
MNs successfully punctured the skin and that the extent of disruption caused by MNs was
relatively small, as compared to tape stripping. This finding is well correlated with the results
of previous reports [52, 57]. Although the TEWL did not completely recover to the baseline
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values within 90 min in the MN group, a decreasing tendency for TEWL was found during
the experimental period. It may be that the pore size created by MNs is reduced gradually
after the removal of MNs. This notion was, in fact, previously confirmed by light and
scanning electron microscopy [58]. Furthermore, according to a report by Wang et al. [17],
the reduction in pore size may be faster in the in vivo condition due to the physiological
response of skin. These findings indicate that the novel MNs did not seriously damage the

skin and were quite safe compared with tape stripping.
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(European Journal of Pharmaceutics and Biopharmaceutics, Fig.5)
Fig.6. Effects of the MNs and tape stripping treatment on TEWL of rat skin in vivo at the
indicated time point compared to intact skin (control). Results are expressed as mean = SE of

9 experiments. (***) P <0.001, (**) P < 0.01, (*) P <0.05, compared with the control.

1.8.Determination of transcutaneous electrical resistance
1.8.1. Methods

Rats were anesthetized with an intraperitoneal injection of 45mg/kg pentobarbital sodium
and their back hair was shaved 24 h before the test. Since shaving the skin may possibly
compromise the stratum corneum, healthy rats without signs of illness were chosen and their

skin without scratch or wound was confirmed to be normal. After checking skin site, the skin

19



electrical resistance values were measured with a Pocket Tester (CDM-03D, Custom,
Tokyo,Japan) at skin sites without any treatment (controlgroup), skin sites applied with MNs
(MN group) and skin sites treated with tape stripping (TS group).The treatments with MNs
andtape stripping were the same as those for the TEWL test. TER was determined before and
directly after removing MNs and repeated at the indicated times by placing the electrodes

onto the skin until a stable reading was obtained.

1.8.2. Results and Discussion

TER is another method to evaluate skin integrity and is determined by measuring the
passage of an electrical current across the skin [59-61]. The stratum corneum is known to be a
poorly conductive dielectric medium and resistant to ion flow. lons move easily across
damaged skin due to low barrier function, resulting in a decrease in TER. Prior to the
treatment, TER of intact skin was approximately 41.8 + 0.4 MQecm?. Fig.7 shows that TER
was significantly reduced after treatment in both the MN (P < 0.01) and tape stripping (P <
0.001) groups, compared with the control group. The approximate 40 % decrease in TER
from the initial value was observed after the tape stripping treatment, and TER reached a
plateau and did not recover to baseline values during the experimental period. On the other
hand, the MNs caused an approximate 15 % decrease in TER. Moreover, TER increased after
removal of the MNs and recovered to the baseline value at 30 min. Therefore, decreased TER
after application of MNs appeared reversible. Different recovery time between TER and
TEWL measurement may be due to the difference in their principles of measurements. Unlike
TEWL, the change in TER is more correlated with the extent of disruption on stratum
corneum which forms a high-electric resistance layer, and the resistance of this layer was

found to become low toward the inner part [62].
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Fig.7. Effects of the MNs and tape stripping treatment on TER of rat skin in vivo at the
indicated time point compared to intact skin (control). All results are expressed as percent
change in TER relative to initial value. Results are expressed as mean + SE of 6-8

experiments. (***) P < 0.001, (**) P <0.01, (*) P < 0.05, compared with the control.

1.9. Skin primary irritation test
1.9.1. Methods

A Draize test [63] was selected to observe the presence of erythema and edema on the skin
sites applied with MNs. The back skin of rats was shaved 24 h prior to the experiment. Just
before the application, healthy rats without signs of illness were chosen and their skin without
scratch or wound was confirmed to be normal. The MNs and base plates without arrays were
then applied to the skin for 2 h. Upon removal, scoring of the erythema and edema was
performed at 1 h, 24 h and 72h with the Draize dermal scoring criteria. The Primary Irritation

Index (P.1.1.) was calculated according to the following equation.

i Y Erythema grade at 1 h,24 hand 72 h + } Edema grade at 1 h,24 hand 72 h

number of rats X number of application skin sites X time of reading

The irritancy potential of the MNs was evaluated according to the Draize dermal scoring

criteria, as described below.
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The Draize dermal scoring criteria

P.LL Classification
0.0-0.4 No irritation
0.5-1.9 Slight irritation
2.0-4.9 Moderate irritation
5.0-8.0 Severe irritation

1.9.2. Results and Discussion

Draize test is commonly used to evaluate cosmeceutical, pharmaceutical and environmental
chemical substances. Due to the fact that the MNs were completely dissolved in rat skin
within 1 h in vivo, the application time of the MNs was extended to 2 h, which is long enough
to dissolve the MNs thoroughly in the skin and thus evaluate the degree of primary irritation.
In the skin irritation test, the scores for erythema and edema from the skin sites treated with
MNs were evaluated for all rats at 1 h, 24 h and 72 h. As shown in Fig.8A, slight erythema
but no edema was evident at the injection sites at 1 h and disappeared within 24 h. The P.l.I.
of the MNs was calculated to be 1.7, confirming a low degree of skin irritation. Fig.8B shows
photograph of the site of skin at 1 h, 24 h and 72 h after removal of base plate without
microneedles. As shown in Fig.8B, slight redness was also seen on the skin site at 1 h and
disappeared at 24 h and 72 h after removal of the base plate. It indicates that the erythema was
most likely induced by a vasodilatation response to the physical compression of the dermis
during application of the MNs rather than by the irritation caused by the HA material or the
MNs themselves. In addition, it is known that rat skin is thinner than human skin, so that the
erythema induced by physical compression of the dermis by MNs in the case of human skin is
reasonably much slighter than that induced in rat skin in vivo. Therefore, these findings
indicated that irritation and skin damage caused by HA MNs were slight and transient, which

is consistent with TEWL and TER results.
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(European Journal of Pharmaceutics and Biopharmaceutics, Fig.7)
Fig. 8.(A) Photograph of the sites of rat skin at 1 h, 24 h and 72 h after the removal of MNs
and (B) photograph of the sites of rat skin at 1 h, 24 h and 72 h after the removal of base plate

without arrays.

1.10. In vivo dermatoscope observation
1.10.1. Methods

Back skin of Wistar rats was shaved 24 h prior to the experiment. Just before application,
healthy rats were selected and skins in normal sections were used for subsequent studies.
MNs were inserted into skin and left in place for 5 min. For comparison, subcutaneous
injection using a 26 G needle was manually conducted in the skin. After removal of the MNs
and subcutaneous injection with a 26 G needle, test sites were observed at 0 h, 24 h and 72 h

with a Dermatoscope (DermaShot-Scope; Fineopto, Kyoto, Japan).

1.10.2. Results and Discussion
In order to estimate the disruption and recovery of skin by the MNSs, skin injury and
damage after the application of MNs were compared with that after subcutaneous injection

with a 26 G needle using a dermatoscope. Fig.9 shows the surface images of rat skin after
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insertion of MNs and subcutaneous injection with a 26 G needle. The number of the pores
created by MNs was much greater than the one pore created by subcutaneous injection, but
the pore size was much smaller. In the microneedle-treated group, pores corresponding to
MNs were observed on test skin sites after removal of MNs. These pores gradually reduced
with time and had almost disappeared at 24 h after application. In contrast, pores created by
subcutaneous injection with a 26 G needle were clearly observed, even at 72 h after
application, although they were smaller when compared to 24 h after application. Based on
these findings, the MNs were confirmed not to cause serious skin damage or irritation, and
that they were safe after application. Moreover, even though MNs were degraded in the skin,
they were very safe, as they were composed of hyaluronic acid, an endogeneous

biodegradable substance.
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Fig.9 Dermatoscopy of rat skin before and at 0 h, 24 h and 72 h after treatment with MNs (A)

and subcutaneous injection with a 26 G needle (B).

1.11. In vitro transdermal delivery of FD4 by hyaluronic acid microneedle arrays
1.11.1. Methods
In vitro permeation studies were carried out with Franz diffusion cells with an effective
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diffusion area of 3.14 cm?. Human cadaver skin with thickness of about 1mm was cut into
30-mm-diamter circles and placed (stratum corneum uppermost) onto an identically sized
circular piece of filter paper. In the MNs group, MNs containing 5 % (w/v) FD4 were applied
to the human cadaver skin. These skin membranes with the MNs in place were subsequently
clamped between the receptor and donor compartments of cells with the stratum corneum
facing the donor compartments. In the solution group, 5 % (w/v) FD4 solution was applied to
the intact skin mounted between the receptor and donor compartments without any
microneedle treatment. After application of the samples, the receptor compartments were
slightly tilted and filled with 2.4 ml of phosphate buffer (pH 7.4, PBS) and stirred with
magnetic bars. During the transdermal delivery studies, air bubbles beneath the skin samples
were confirmed not to exist in each cell. The temperature was maintained at 32 °C. The
receptor solution (500 ul) was withdrawn at the indicated time and replaced with an equal
volume of a fresh receptor solution. Samples were stored in a refrigerator at 4 °C until
analysis was performed.

The amount of FD4 permeated in the stratum corneum was then determined. Adhesive
cellophane tape stripping was performed on the stratum corneum 15 times after removal of
the test materials. The first strip of peeled tape was discarded because of the residual material
left on the surface of the stratum corneum. The second through the fourteenth tape strips were
collected and put into a 50 ml centrifuge tube. FD4 was extracted from these tape strips with
15 ml of PBS and1 h of sonication. The extraction solution was transferred to a 100 ml beaker
and the solvent was evaporated completely in a 70 °C water bath. PBS (1 ml) was used to
re-dissolve the extracted FD4. After the samples were centrifuged at 10,000 rpm (7,710xQ)
for 5 min, the supernatant was stored in a refrigerator at 4 °C until analysis was performed.

FD4 permeated in the epidermis and dermis was also determined. After tape stripping, skin
pieces were cut into smaller pieces and homogenized in 5 ml of distilled water. Ethanol (15
ml) was added to the skin homogenate to extract FD4. After the samples were centrifuged at
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5,000 rpm (4,000xg) for 5 min, the extraction solution was collected and transferred to a 100
ml beaker. The solvent was evaporated completely in a 70 °C water bath, and 1 ml of PBS
was used to re-dissolve the extracted FD4. After the samples were centrifuged at 10,000 rpm
(7,710 xg) for 5 min, the supernatant was stored in a refrigerator at 4 °C until analysis was
performed.

FD4 was analyzed on a fluorescence HPLC system (Hitachi, Tokyo, Japan). Samples were
eluted on a C18 column (5C18-AR-1I, 4.6x150 mm, Nacalai Tesque, Kyoto, Japan) using a
mobile phase consisting of 0.1 % phosphoric acid and acetonitrile (80:20). A flow rate of 1
ml/min was maintained. The excitation wavelength was 485 nm and the emission wavelength
was 585 nm. All statistical analyses were performed using GraphPad Prism software
(GraphPad Software Inc., San Diego, CA, USA). Descriptive statistics are presented as mean
values = SE. Unpaired or paired Student’s t-tests were applied for comparisons between or
within the same group, respectively. For all comparisons, P<0.05 was considered to be

statistically significant.

1.11.2. Results and Discussion

To evaluate the transdermal delivery of drugs with relatively high molecular weight by
MNs, HA MNs containing FD4 were prepared and compared the permeation of FD4 across
human cadaver skin with that in FD4 solution. Fig.10 shows the in vitro cumulative
permeated amount of FD4 after application of MNs containing FD4 or FD4 solution. As
indicated in Fig.10, the cumulative permeated amount of FD4 significantly increased across
the skin after the application of MNs compared to the solution over a period of 7 h. The
cumulative permeated amount of FD4 in solution was low, with a value of 0.38 £ 0.20 pg/cm®.
In contrast, the cumulative permeated amount of FD4 increased significantly after application
of MNs with a value of 231.80 % 28.76 ug/cm® over the same period. It indicates that the
novel MNs were effective in improving the transdermal permeability of FD4 as a model drug
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with relatively high molecular weight. In addition, almost no lag time was observed in drug
permeation of the MN group. It correlated well with the results from previous studies [6, 25].
This interpretation was confirmed by histological sections in our study as mentioned above,

which showed that the MNs inserted into the dermis directly delivered FD4 into the skin.
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(European Journal of Pharmaceutics and Biopharmaceutics, Fig.8)
Fig.10. In vitro cumulative permeated amount of FD4 after application of MNs containing
FD4 or application of FD4 solution over a period of 7 h. Results are expressed as mean + SE

of 3—4 experiments.

Fig.11 shows the amount of FD4 that permeated into the stratum corneum, epidermis and
dermis and receptor compartment after the application of MNs containing FD4 or FD4
solution, over the transdermal delivery period of 7 h. With the MNs, the total amount of
permeated FD4 was 278.74 + 36.15 pg/cm?, approximately 87.5 % of the total amount of FD4
(250 pg in the microneedle arrays with the diameter of 10 mm, including 50 pg in needles and
200 pg in base plate). It increased in the following order: stratum corneum<epidermis and
dermis <receptor compartment. In contrast, a marginal amount of FD4 permeation was

observed after application of the FD4 solution with a value of 2.53 + 0.81 pg/cn?,

27



approximately 3 % of the total amount of FDA4. In this case, FD4 only permeated across the
stratum corneum and localized in the outer layer of the skin. Almost no transport of FD4 was
found in the epidermis and dermis and receptor compartment after the application to the skin.
Therefore, MNs were much more effective for increasing the accumulation of drug with

relatively high molecular weight in the skin.
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Fig.11. Permeated amount of FD4 into the stratum corneum, epidermis and dermis and
receptor compartment for 7 h after application of the MNs containing FD4 or application of

FD4 solution. Results are expressed as mean + SE of 3-4 experiments.
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CHAPTER 2 Application in the transdermal delivery of diabetes drugs

The capacity limitation of HA MNs depends on physiccochemical properties of the
compound contained when mixed with HA. Based on our experience on the production of the
HA MNs containing alendronate, FD4 and insulin, the capacity limitation was at least 10 %,
which was equal to about 5 mg/cm? when the drug is loaded in whole MNs. This amount is
sufficient to deliver most drugs including the insulin and the exendin-4 for the treatment of
diabetes at therapeutic dose. Moreover, the delivery capacity of the MNs could be further
adjusted by increasing the application area and dosing frequency due to the low damage to
skin. As mentioned earlier, one problem of HA MNs application is that the insertion depth and
the insertion ratio of the HA may vary due to application force and skin property of different
subjects. However, as mentioned on page 10, using the applicator to well control the energy
applied on microneedles can overcome the problem and provide consistent insertion in skin.

The studies in Chapter 1 focus on safety and enhancing transdermal permeation of drugs
via MNs without evaluating the characteristics of MNs, which is of particular importance in
clinical applicability. In the present study, the characteristics of MNSs, including drug contents,
hygroscopy, drug stability at various storage conditions and drug releasing profiles from a
clinical application point-of-view. As in vivo experimental conditions including
pharmacodynamic effects and metabolic activity differ from the in vitro conditions, insulin
loaded MNs and exendin-4 tip-loaded MNs were further compared with subcutaneous
injections in transdermal delivery of insulin and exendin-4 to diabetic rats in vivo in this

study.

2.1. Materials
HA was kindly provided by Shiseido Co., Ltd (Tokyo, Japan). FD4 and streptozotocin was
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Pentobarbital sodium,
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citric acid buffer solution, and bovine insulin (28 IU/mg)were purchased from Nacalai Tesque
Inc. (Kyoto, Japan). Exendin-4, Glucose CII test kits and insulin-EIA test Kits were purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Rat Insulin ELISA kits were
purchased from Shibayagi Co., Ltd. (Gunma, Japan).Exendin-4 EIA kits were purchased from
Phoenix Pharmaceuticals, Inc. (Belmont, CA). All other chemicals and reagents were of
analytical reagent grade.

Male Wistar rats (weighing 220-270 g) and male GK/Slc rats (aged 7~8 weeks and
weighing 190-200 g) were purchased from Shimizu Laboratory Supplies Co., Ltd. (Kyoto,
Japan). All experiments were performed in accordance with the guidelines of the Animal

Ethic Committee at Kyoto Pharmaceutical University.

2.2 Application in the transdermal delivery of insulin with insulin-loaded microneedle

arrays

2.2.1. Fabrication of insulin-loaded microneedle arrays
2.2.1.1 Methods

0.13, 0.25, and 0.44 1U of bovine insulin loaded MNs were fabricated via micromolding
technologies with HA as the base material. The fabrication process of MNs can be considered
as transcription from the micromould with needle-shape in place. In detail, 15 % HA solution
was obtained by mixing well with distilled water. Insulin solution dissolved in 0.1 M HCI
solution was added to the 15%HA solution and mixed well to prepare HA solution containing
insulin. 0.3 ml of the resulting HA solution containing insulin was placed on a 2 cm x 2 cm
micromould at room temperature. After 2 h drying in desiccator, the remaining solution was
removed on the surface of mould with cotton, then 0.1 ml of 20 % HA solution was placed on
the same place of micromould. After drying the micromould completely, a 2 cm x 2cm PET

adhesive tape was attached on the baseplate for reinforcing. A sheet of insulin-loaded MNs
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was obtained by peeling the mold off. Insulin-loaded MNs in circular area with a diameter of
10 mm were obtained by cutting the sheet with a punch. Recording to the fabrication process,
the baseplate was considered to consist of HA and a small amount of insulin. The amount of
insulin in needles and baseplate was determined, and more than 90% of insulin was detected

in the needles. Scanning electron microscopy was performed to examine the MNs.

2.2.1.2 Results and Discussion

A scanning electron micrograph of a section of insulin-loaded MNs fabricated from HA is
presented in Fig. 12. The resulting tapered-cone insulin-loaded MNs were uniform in size
with sharp tips. Each needle was approximately 800 um in height, with a diameter of 160 pm
at the base and 40 pum at the tip, and an interspacing of 600 um between the rows of needles.
There were approximately 190 needles in a circular area with a diameter of 10 mm. It is found
that the incorporation of insulin into HA MNs didn’t change the dimension of MNs compared
with HA MNs. It indicates that HA as the main material has good integration with the drug

loaded in MNSs.

(Journal of Controlled Release, Fig.1)

Fig. 12.Scanning electron micrograph of a section containing insulin-loaded MNs with

lengths of 800 um, and diameters of 160 um at the base and 40 pum at the tip. Bar=200 pm.
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2.2.2. Determination of insulin contents in insulin-loaded microneedle arrays
2.2.2.1. Methods

0.13, 0.25, and 0.44 U of bovine insulin loaded MNs were weighed and dissolved in 10 ml
of pH 7.4 PBS followed by 30 min of sonication. Insulin extracted from MNs was analyzed
on a gradient HPLC system (HitachiL-7000, Kyoto, Japan) equipped with a UV detector
(Hitachi L-7450, Kyoto, Japan)and a reversed phase column (ODS 5 um, 4.6 mm x 150 mm,
Nacalai Tesque Inc., Kyoto, Japan). The following mobile phase systems were used: A) 0.1 %
TFA in H;O, and B) 0.1 % TFA in methanol. A linear gradient elution from 40 % to 80 %
with phase B was performed over 20 min. A flow rate of 1ml/min was maintained, the column

temperature was 40 °C, and the detection wavelength was 210 nm.

2.2.2.2. Results and Discussion
The amount of insulin in insulin-loaded MNs is presented in Table 1.Insulin amount is not
significantly altered after production. It was precisely loaded in MNs in accordance with each

dosage with the standard error below + 2 % in all groups.

Table 1 The amount of insulin in the insulin-loaded MNs

Insulin dose (ITU/MN) Percentage of amount (%)
0.13 105.53+1.44
0.25 103.44 +0.83
0.44 95.93+1.13

Results are expressed as the means + S.E. of 3 experiments.

2.2.3. Hygroscopy of insulin-loaded microneedle arrays

2.2.3.1. Methods
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Insulin-loaded MNs were stored at a high relative humidity of 75%. This condition was
obtained by storing the MNs in a desiccator containing a saturated solution of sodium chloride.
MNs were removed at pre-determined intervals, and the weight of MNs was measured and the
percent change in MNs weight was calculated. No MN was returned into the container after

testing.

2.2.3.2. Results and Discussion

Donnelly et al. reported that galactose MNs had an increasing adhesive nature at a relative
humidity of 43%, and that no MN remained after 1 h at a relative humidity of 75% [29].
These findings suggest that MNs fabricated from soluble materials, such as galactose, are
unstable at ambient relative humidities. Given that moisture had a great effect on the
morphology and mechanical strength of soluble MNs, the hygroscopy of insulin-loaded MNs
was evaluated at the high relative humidity of 75% over a 24 h period. As shown in Fig. 13,
the percent change in the weight of MNs increased rapidly during the first 7 h, and then
slowed down from 7 to 24 h. Furthermore, at a relative humidity of 75 %, it appears that the
weight of MNs becomes saturated at approximately 15 % above its baseline weight. The
increase in MNs weight due to the absorption of moisture from the wet environment resulted
in a softening of HA materials, and thereby a decrease in their mechanical strength. It is the
other problem in HA MNs application besides the insertion problem mentioned earlier.
However, a sealed packaging is able to solve the problem to protect the MNs. Moreover, MNs
were considered to have enough mechanical strength to sufficiently pierce through skin when
their increase in weight did not exceed 5 % (data were not shown).These findings suggested
that MNs could maintain their insertion ability for at least 1 h even at a relative humidity of
75 %, suggesting that they may be useful in the practical application of MNs. Additionally,
the structure of MNs did not change over the experimental period at a relative humidity of
75 %.Therefore, normally the HA MNs is requested to be applied on skin within 1 hour after
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taking out from the package.
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Fig.13. Hygroscopic profile of insulin-loaded MNs during storage at a relative humidity of

75 %. Results are presented as the mean + S.E. of 4 experiments.

2.2.4. Stability of insulin-loaded microneedle arrays
2.2.4.1. Methods

Insulin-loaded MNs were stored at -20, 4, 20, and 40°C for a month. Thereafter, the insulin
that remained in the MNs was extracted by the dissolution of the needles in 1 ml of pH 7.4

PBS. Insulin was analyzed with the gradient HPLC assay method as described above.

2.2.4.2. Results and Discussion

The stability of loading insulin into MNs and storing them at —20, 4, 20, and 40 °C is
presented in Table 2. It was found that insulin-loaded MNs were not substantially degraded
after a month of being stored. More than 90 % of the loaded insulin remained in the MNs
after a month of storing them at all four temperatures. There were no statistical differences in
the remaining % of insulin loaded in MNs among these different storage conditions, although

the stability of insulin at 20 °C was slightly less than that at 40 °C. These findings suggested
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that insulin-loaded MNs are stable for at least one month at these storage conditions. Lee et al.
previously reported that lysozyme encapsulated in carboxymethylcellulose MNs, which was
stable after two months of being kept at room temperature [27]. Consequently, the
investigators speculated that the MNs decreased the degradation of lysozyme, and thereby
increased its stability [64]. Perhaps for the same reason, the stability of insulin in our study
was maintained by the HA MNs at the tested storage conditions. However, future studies that
confirm whether the insulin contained within the HA MNs is stable for longer storage periods

are warranted.

Table 2 Stability of insulin-loaded MNs after storing for a month at -20, 4, 20, and 40 °C

Temperature (‘C) Insulin remained in MNs (% of initial)
—20 94.82 + 5.56
4 93.51 £5.67
20 90.33 £5.54
40 96.19 +5.63

Results are presented as the mean + S.E. of at least 4 experiments. (Journal of Controlled

Release, Table 1)

2.2.5. In vitro release of insulin from microneedle arrays
2.2.5.1. Methods

The release of insulin from insulin-loaded MNs across Silescol® membranes was
investigated by using in vitro modified Franz cells. Insulin-loaded MNs were applied onto the
centers of the membranes. With the MNs in place, the membranes were mounted onto Franz
cells. The cells were positioned upright, and the receptor compartments were filled with 2.4
ml of pH 7.4 PBS and maintained at 32°C throughout the test period. At pre-determined

intervals, 0.5 ml of the supernatant was withdrawn and replaced with an equal volume of
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fresh medium. The gradient HPLC assay method was used to detect insulin, as described

above.

2.2.5.2. Results and Discussion

The cumulative release of insulin from insulin-loaded MNs was determined via an in vitro
release study in Fig. 14. At the start of the experiment, MNs were readily dissolved and
insulin was rapidly released from the MNs at a relatively constant rate. In the present study;,
the majority of the insulin was released within 1 h, suggesting that MNs are rapidly and
completely dissolved in vitro. It is consistent with the in vivo dissolution study in Chapter 1,
which shows that the novel HA MNs fully dissolved on rat skin within 1 h. These findings
indicate that insulin is rapidly released from insulin-loaded MNs fabricated from HA both in

vitro and in vivo.
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Fig. 14. In vitro release profile of insulin from insulin-loaded MNs in pH 7.4 PBS maintained

at 32 °C. Results are presented as the mean + S.E. of 4 experiments.

2.2.6. In vivo transdermal absorption of insulin in diabetic rats

2.2.6.1. Methods
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Rats were injected via the tail vein with 50 mg/kg of streptozotocin dissolved in citric acid
buffer solution (pH 4.5) to produce a diabetic animal model. After approximately two weeks,
rats with plasma glucose levels exceeding 300 mg/dl were deemed as diabetic. Prior to
experimentation, diabetic rats were fasted for 14 h, while being provided water ad libitum. All
animals were anesthetized via an intraperitoneal injection of 35mg/kg of pentobarbital sodium,
and the abdominal region was carefully shaved. After the initial surgery and a 45 minute
recovery period, plasma glucose and insulin baseline values were recorded. The following
groups of diabetic animals were studied before and after drug administration: (1) MNs group,
where 0.13, 0.25, and 0.44 IU insulin-loaded MNs were applied onto abdominal skin and
fixed with tape; (2)MNs-pretreated group, where MNs without insulin were applied onto
abdominal skin, removed 5 min later, and a piece of cotton saturated with insulin solution (5
IU/ml) was applied onto the MNs-pretreated area throughout the experiment; (3)
subcutaneous group, where insulin solution (5 IU/ml, 50 ul) was injected subcutaneously into
abdominal skin using a hypodermic needle and syringe; and (4) control group, where similar
to the MNs groups, MNs without any insulin were applied onto abdominal skin. In all groups,
blood samples were collected from jugular vein at 0, 0.5, 1, 2, 3, 5 and 7 h after the
administration and centrifuged at 10,000 rpm for 5 min to immediately separate the plasma.
Plasma glucose levels were determined via a glucose ClI-Test kit, where the initial levels
were considered as 100%. Using the initial values, the percent change in plasma glucose
levels at each time interval after dosing was calculated. Plasma insulin concentrations were
measured via an insulin-EIA Test Kit.

The minimum glucose level (Cpin) and the time point of minimum glucose level (Tmin) were
determined from profiles generated by plotting the percent change from initial levels of
plasma glucose against time. The area above the curves (AAC) for 0—7 h was calculated using
the trapezoidal method. The relative pharmacological availability (RPA) was calculated
according to the following equation:
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RPALY) = [AACyy % Dosegr | /{AACs - x Doseyy) x 100

Where AACun shows the area above the curves after applying theinsulin-loaded MNs, and
AACs . indicates the area above the curves after subcutaneous injection of insulin.

The maximum plasma insulin concentration (Cmax) and the timepoint of maximum plasma
insulin concentration (Tmax) Were determinedfrom profiles generated by plotting the plasma
insulin concentration(ulU/ml) versus time. The area under the curves (AUC) for 0—7 hwas
calculated according to the trapezoidal method. Additionally, relativebioavailability (RBA)

was calculated from the following equation:
RBALX) = [AUC,y, x Doseg - 1 /{AUC; - x Doseyy,) x 100

Where AUCwn shows the area under the curves after applying theinsulin-loaded MNs, and

AUCs c indicates the area under the curvesafter subcutaneous injection of insulin.

All statistical analyses were performed using GraphPad Prism software (GraphPad
Software Inc., San Diego, CA, USA). Descriptive statistics are presented as mean £ SE. A
Student's paired t-test was used for comparisons between data points. Multiple data sets
between groups were analyzed with a one-way analysis of variance (ANOVA) followed by a
Tukey's post hoc test, when appropriate. Multiple data sets within groups were analyzed with
an ANOVA followed by a Dunnett's post hoc test, when appropriate. For all comparisons,

p<0.05 was considered to be statistically significant.

2.2.6.2. Results and Discussion

Diabetes was successfully induced in rats two weeks after an injection of streptozotocin, as
they displayed a pronounced hyperglycemia (437.0 £ 11.5 mg/dl). The effects of various
doses of insulin on changes in plasma glucose levels of diabetic rats after treatment with

insulin-loaded MNs are presented in Fig.15A. A significant and dose-dependent
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hypoglycemic effect was observed after treatment with insulin-loaded MNs of varying doses
in comparison to the control (p<0.0001) The maximum percent decrease from baseline in
plasma glucose levels ranged from 11.9% to 57.4% when insulin doses of 0.13-0.44 1U were
administered via MNs. These findings suggest that the extent of the hypoglycemic response
can be easily controlled by varying the amount of insulin loaded in the novel MNs. Plasma
insulin concentrations following the treatment of diabetic rats with insulin-loaded MNs were
also directly measured. It was found that, in comparison to the control, there was a significant
and dose-dependent increase in plasma insulin concentrations after treatment with
insulin-loaded MNs (Fig. 15B). The peak plasma levels of insulin were obtained within an
hour and ranged from 62.6-151.4 plU/ml, when insulin doses of 0.13-0.44 IU were
administered via MNs (p<0.01).These findings suggest that insulin is being absorbed from the

MNs via the skin, and that the novel MNs system is effective in the transdermal delivery of

insulin,
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Fig. 15.Effects of insulin dose on the percentage change in (A) plasma glucose levels and (B)
plasma insulin concentrations in diabetic rats after an administration of 0.13-0.44 U

insulin-loaded MNs. Results are presented as the mean £ S.E. of 6 experiments.
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The effects of various application methods of insulin on the changes in plasma glucose
levels in diabetic rats are presented in Fig. 16A. Arapid decrease in plasma glucose levels was
seen after a subcutaneous injection of 0.25 IU of insulin, and the maximum decrease in
plasma glucose levels was approximately 40 % of its initial value. A similar hypoglycemic
effect was found after treatment with insulin-loaded MNs at the same dose of insulin as that
of the subcutaneous injection group. However, the onset of hypoglycemic response and peak
plasma insulin levels was slightly slower with the MNs than the subcutaneous injection.
These findings corroborate the results of Ito et al., who used insulin-loaded MN fabricated
from dextrin and mixed with insulin, and demonstrated a slower onset time, but a more stable
hypoglycemic effect in the case of the insulin-loaded MNs, as compared with the
subcutaneous injection [26]. The gradual release of insulin can be attributed to the time
necessary for the insulin-loaded MNs to dissolve versus the rapid delivery of insulin by a
subcutaneous injection, as confirmed in the measurement of plasma insulin concentrations. In
contrast to MNSs, there were no significant changes in plasma glucose levels in the
MNs-pretreated group compared with the control group over the 7-hour period. Plasma
insulin levels of diabetic rats after insulin administration via various methods are presented in
Fig. 16B. Treatment with insulin-loaded MNs resulted in lower peak plasma levels, but higher
plasma insulin concentrations after 2 h, than those of the subcutaneous group. Conversely, in
the MNs-pretreated group, there was a small spike in plasma insulin concentrations compared
to those achieved with insulin-loaded MNs and a subcutaneous injection of insulin. Therefore,
insulin could not be delivered across the MNs pretreated skin into the systemic circulation,
despite the application of an insulin solution to the skin. In previous studies, transdermal drug
delivery was shown to be dramatically increased after pre-treating skin with insoluble MNs
prior to drug administration [18, 19, 65, 66]. The reasons for this discrepancy are unknown,
but may be related to several factors. First, the novel HA MNs easily dissolve in skin, and
therefore, the diffusion of insulin via the pores created by the HA MNs may be interfered due
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to the presence of MNs components. Furthermore, the concentration of insulin solution used
in the study may have been too low to obtain the therapeutic efficacy seen in previous studies,
which wused higher concentrations of insulin solutions (100-500 U/ml) to achieve
hypoglycemic effects in diabetic rats [17, 65, 66, 68, 69]. However, it should be mentioned
that similar concentrations of insulin (5 U/ml) were used in order to properly evaluate the
effects of the application method used in insulin delivery. Additionally, Zhou et al. and Wu et
al. reported that a large amount of insulin penetrates through the skin after the application of
high concentrations of insulin at the donor site [18, 19]. Therefore, almost no significant
pharmacological effect of applying a low concentration of insulin solution was found in this
study. Furthermore, it may be plausible that the pores created by MNs were reversible, as
confirmed by the TEWL measurements, and thereby the diffusion of insulin gradually reduced
with time after the removal of MNs. Therefore, these factors may be associated with the null
results obtained in the MNs-pretreated group; however, further studies that clarify the exact

mechanisms responsible for these findings are warranted.
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Fig. 16.Effects of various application methods of insulin on (A) plasma glucose levels and (B)
plasma insulin concentrations in diabetic rats. Results are presented as the mean = S.E. of 6

experiments.
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The pharmacodynamic parameters of plasma glucose levels and pharmacokinetic
parameters for plasma insulin concentrations were calculated and presented in Tables 3 and 4,
respectively. As evident from Table 3, the RPA of insulin after treatment with insulin-loaded
MNs of varying doses ranged from 93.6 % to 97.9 %. Similarly, as evident from Table 4, RBA
of insulin after treatment with insulin-loaded MNs of varying doses ranged from 96.1 % to
98.8 %. It demonstrates that insulin could be completely delivered into the systemic
circulation using insulin-loaded MNs fabricated of HA. A comparable hypoglycemic effect
and insulin delivery were achieved with insulin loaded MNs and the subcutaneous injection.
These MNs were equally effective to subcutaneous injection. These findings suggest that the
novel HA MNs are excellent candidates for delivering insulin to diabetic patients. Moreover, a
very small RPA (i.e.,, 2.34 %) and RBA (i.e., 5.32 %) of insulin solution indicates that a
marginal hypoglycemic effect and insulin delivery were achieved with the application of an
insulin solution to MNs-pretreated skin. Additionally, MRT of insulin-loaded MNs of varying
dose ranged from 1.3 h to 1.6 h without significant difference among them. The possible
increasing trend may be caused by the interaction of insulin and hyaluronic acid which

impacts the release and absorption of insulin from MNs.

Table 3 Pharmacodynamic parameters for the plasma glucose levels of diabetic rats after an
administration of insulin-loaded MNSs, a subcutaneous injection of insulin (insulin S.C.), and
an insulin solution after pretreatment with MNs (MNs+insulin solution).

Group C min (%0) T min (hr) AAC 0—7 (% hr) RPA (%)
Control 888+41 05+0.2 15.9+7.0 -
0.13 IU insulin-loaded MNs 574+67 2.0+03 1446 +215 97.9+15.4
0.25 IU insulin-loaded MNs 301+33  27+02 2853+159 975+5.4
0.44 1U insulin-loaded MNs 119430 37+06 481.8+257 93.6 +5.0
0.25 IU insulin S.C. 282+12 15+03 292.5+241" 100
MNSs + 0.25 IU insulin solution 92.3+4.2 05+£0.2 6.9+£4.0 23+1.4

Results are presented as the mean + S.E. of at least 6 experiments. ~ p<0.001, compared with
the control. (Journal of Controlled Release, Table 2)
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Table 4 Pharmacokinetic parameters for plasma insulin concentrations of diabetic rats after
administration of insulin-loaded MNs, subcutaneous injection of insulin (insulin S.C.) and
insulin solution after pretreatment by MNs (MNs+insulin solution).

Group Crmax Timax AUC,_; (nIU RBA MRT
(uIU/ml) (h) h/ml) (%) (h)
Control 0 0 0 0 0

0.13 IU insulin-loaded MNs ~ 62.6+124 1.0+0.0 1006+13.1°"  961+125 1.3+0.1
0.25 IU insulin-loaded MNs ~ 98.9+127 0.7+0.1 198.8+156 98.8+7.7 15+0.1
0.44 IU insulin-loaded MNs ~ 151.4+27.2 0.7+0.2 3488+38.7 985+109 1.6+0.2

*

0.25 1U insulin S.C. 1554+137 06+01 201.3+16.2" 100 1.2+01
MNs+0.25 1U insulin solution 9.9+6.7 03+0.1 10.7+6.8 53+3.7 03+0.1

Results are presented as the mean + S.E. of at least 6 experiments. ~ p< 0.001, compared with
the control. (Journal of Controlled Release, Table 3)

2.3 Application in the transdermal delivery of exendin-4 using tip-loaded MNs
2.3.1. Determination of drug contents in tip-loaded microneedle arrays
2.3.1.1. Methods

In this study, we prepared FD4 tip-loaded MNs with doses of 1, 2 and 4 png
FD4/microneedle array. For determination of FD4 contents in the tip-loaded MNSs, needles on
arrays were collected and dissolved in pH 7.4 PBS followed by 30 min of sonication. FD4
was analyzed using a fluorescence HPLC system (Hitachi, Kyoto, Japan). Samples were
eluted on a C18 column (5C18-AR- Il, 4.6x150 mm; Nacalai Tesque, Kyoto, Japan) using a
mobile phase consisting of 0.1% phosphoric acid and acetonitrile (80:20). A flow rate of 1
ml/min was maintained. The excitation wavelength was 485 nm and the emission wavelength

was 585 nm.

2.3.1.2. Results and Discussion
As shown in Fig. 17, the drug was designed to be loaded into tips (yellow part) of MNs

with a length of about 200 um. Each needle was approximately 800 um in height, with a
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diameter of 160 um at the base and 40 pm at the tip, and an interspacing of 600 pm between
the rows of needles. There were approximately 140 needles in a circular area with a diameter
of 10 mm. Although Sullivian et al. have reported microneedles with model drug located only
in part of needles [70], the model drug in the tip-loaded MNs in the study is more
concentrated to the top 1/4 of needles compared with their needles. Moreover, there is clear
border line between the part with drug loaded and the part without drug loaded as shown in
Fig.17.

FD4 was used as a model drug loaded into the tips of MNs in order to evaluate tip-loaded
drug dose and reproducibility. The experimentally measured contents of FD4 in the tip-loaded
MNs were determined and are summarized in Table 5. As shown in Table 5, the amount of
FD4 loaded in MNs was found to be largely coincided with the calculated dose, although
there was a very small standard error, particularly in the case of exendin-4 administration at

low dose.

Fig.17. FD4 tip-loaded MNs observed by a microscope

Table 5 FD4 content of FD4 tip-loaded MNs

Dose of FD4 ( pg/patch) Content ( % of dose)
1 106.58 + 8.90
2 102.43+ 4.70
4 99.12+ 5.68

Results are presented as means + S.E. of 4 experiments in each group.

44



2.3.2. In vitro release study
2.3.2.1. Methods

Release of FD4 from the tip-loaded MNs across Silescol® membranes was investigated
using in vitro modified Franz cells. The content of FD4 in tip-loaded MNs was 4
ug/microneedle array. After application of MNs, the membranes with tip-loaded MNs were
mounted onto Franz cells. Cells were positioned upright and receptor compartments were
filled with 2.4 ml of pH 7.4 PBS maintained at 32°C throughout the test period. At
pre-determined intervals, 0.2 ml of supernatant was withdrawn and replaced with an equal
volume of fresh release medium. FD4 was analyzed by fluorescence HPLC as described

above.

2.3.2.2. Results and Discussion

The cumulative release of FD4 from tip-loaded MNs was determined via an in vitro release
study (Fig. 18). FD4 tip-loaded MNs were readily dissolved and FD4was rapidly released
from the MNSs, particularly in the initial 30 s after the start of the experiment. In the present
study, most FD4 was released within 5 min, suggesting that the release of FD4 was very rapid
from its tip-loaded MNs. These rapid release profiles for FD4 are superior when compared
with dissolving MNs. For instance, the time needed for contained drug release varies from 25
min in galactose MNs [29] to 120 h in amylopectin MNs [27].Moreover, insulin was released
within 1 h from the HA MNSs containing insulin in our previous study. As compared with our

previous MNSs, it is clear that the drug release time can be shortened by drug tip-loading.
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Fig.18 In vitro release of FD4 from FD4 tip-loaded MNs in pH7.4 PBS maintained at

32°C.Results are expressed as means + S.E. of 4 experiments.

2.3.3. Acute efficacy in IPGTTs
2.3.3.1. Methods

The acute efficacy of exendin-4 tip-loaded MNs was evaluated by IPGTTs in type 2
diabetic GK/Slc rats after application of MNs, as compared with subcutaneous injection.
GK/Slc rats were fasted for 14 h and anesthetized by intraperitoneal injection of 35mg/kg
pentobarbital sodium, and their abdominal regions were carefully shaved. After initial surgery
and a 1 h recovery period, GK/Slc rats were randomly allocated into five groups and then
treated as follows:

(a) Transdermal application of exendin-4 tip-loaded MNs containing 10 pg/kg exendin-4

(b) Transdermal application of exendin-4 tip-loaded MNs containing 50 pg/kg exendin-4

(c) Subcutaneous injection of 10 pg/kg dose of exendin-4 solution

(d) Subcutaneous injection of 50 pg/kg dose of exendin-4 solution

(e) Transdermal application of MNs without exendin-4

Thirty minutes after administration of exendin-4 in each group, glucose (dose; 2g/kg) was
then intraperitoneally administered to each rat. At predetermined times, blood samples were

collected from the jugular vein and were centrifuged at 10,000 rpm for 5 min in order to
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separate plasma immediately. Plasma glucose levels were determined using a glucose ClI-Test
kit and plasma glucose levels at 0 min were considered to be 100%. Using this value, the
percentage change in plasma glucose levels at each time point after dosing was calculated.
Plasma concentrations of endogenous insulin were measured using a rat insulin ELISA Kit,
and plasma concentrations of exendin-4 were determined using exendin-4 EIA kit. All

statistical analyses were performed as mentioned above in 2.2.6.1.

2.3.3.2. Results and Discussion

In order to compare the efficacy of exendin-4 tip-loaded MNs with traditional subcutaneous
injection, glucose tolerance, insulin secretion and plasma concentrations of exendin-4 were
examined in IPGTTSs in type 2 diabetic GK/Slc rats in vivo. The experimental conditions were
designed according to the method of Arakawa et al. [71] and administration of exendin-4 was
conducted 30 min before glucose challenge for better observation of insulin secretion in
response to glucose change. Fig. 19 compares exendin-4 tip-loaded MNs and subcutaneous
injection of exendin-4 on glucose tolerance in IPGTTs. As shown in Fig. 19A, blood glucose
levels in the control group rapidly increased and reached a maximum value of 235.47 +
10.91% of initial levels at 30 min after intraperitoneal glucose challenge. Dose-dependent
suppression of the increased blood glucose levels was observed after subcutaneous
pre-administration of 10 pg/kg and 50 pg/kg exendin-4 when compared with the control
group, and blood glucose values at 30 min in subcutaneous injection of 10 pg/kg and 50 pg/kg
exendin-4 groups after intraperitoneal glucose challenge were 188.63 + 9.14 % and 126.57 *
17.73 %, respectively. In the case of the exendin-4 tip-loaded MN group, normalization
effects on blood glucose were found to be similar to the subcutaneous injection groups and
blood glucose values at 30 min in 10 pg/kg and 50 pg/kg exendin-4 tip-loaded MNs groups
after intraperitoneal glucose challenge were 176.17 + 13.35 % and 137.66 = 2.91 %,
respectively. Moreover, as shown in Fig. 19B, calculated glucose AUCg.120 min Values in both
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of the MNs and the subcutaneous injection groups significantly decreased when compared
with the control group. In addition, there were no significant differences in the calculated
glucose AUCo.120 min Values between MN groups and subcutaneous injection groups after

administration of exendin-4 at the same dose.
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Fig. 19 Acute effects of administration of exendin-4 by subcutaneous injection (S.C.) and
exendin-4 tip-loaded M.N. on glucose tolerance in GK rats (A), and calculated glucose
AUC.120 min (B). Intraperitoneal glucose tolerance tests (IPGTTs) were carried out 30 min

after administration of exendin-4 (S.C. and M.N.). Results are presented as means +S.E. of at

least 5 experiments in each group. (***) p< 0.001 and (*) p< 0.05, compared with controls.

Fig. 20 shows plasma insulin levels in the control group, exendin-4 tip-loaded MN group
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and subcutaneous injection group in IPGTTs. The stimulation of insulin secretion by
exendin-4 appeared to be dependent on glucose levels in both of MNs and SC groups. This
behavior is similar to previous studies, in which acute administration of exendin-4 lowered
the glycemic response to glucose challenge as a result of augmented insulin secretion [71]. In
the control group, insulin secretion increased slightly after intraperitoneal glucose challenge
with a Cpax value of 1.89 £ 0.32 ng/ml at 15 min. In contrast, insulin secretion was markedly
increased by subcutaneous injection of 10 pg/kg and 50 pg/kg exendin-4. The Cpax value in
the case of 10 pg/kg subcutaneous injection of exendin-4 was3.10 = 0.56 ng/ml, while 50
ug/kgsubcutaneous injection of exendin-4 had a Cpax Value of 4.83 £0.32 ng/ml. On the other
hand, similar results were observed on insulin secretion in the exendin-4 tip-loaded MN
groups. Cpax values of 10 pg/kg and 50 pg/kgexendin-4 tip-loaded MN groups were 3.13 +
0.24 ng/ml and 4.45 £ 0.48 ng/ml, respectively. The glucose normalization effects lasted
longer than stimulation of insulin secretion, which is consistent with a previous report by
Arakawa et al [71].1t is possible that the insulin response was blunted, even though glucose
was at much higher basal levels after rapid release during the initial phase (0-10 min), as
shown in the pancreas perfusion study in GK rats by Edholm et al.[72] In addition, as shown
in Fig. 20 B, calculated insulin AUCy.60 min Values in both the exendin-4 tip-loaded MN and
subcutaneous injection groups significantly increased when compared with controls. A
dose-dependent increase in insulin AUC.0 min Values was observed in MNs and subcutaneous
groups, and there were no significant differences in insulin secretion between exendin-4

tip-loaded MNs group and the subcutaneous injection group.
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Fig. 20 Acute effects of exendin-4 (S.C. and M.N.) on plasma insulin response to glucose
(29/kg) in GK rats (A), and calculated insulin AUCq.60 min (B). Intraperitoneal glucose
tolerance tests (IPGTTs) were carried out at 30 min after administration of exendin-4 (S.C.
and M.N.). Results are presented as means £S.E. of at least 5 experiments in each group.

(***) p< 0.001 and (*) p< 0.05, compared with controls

Fig. 21 shows plasma profiles of exendin-4 in GK rats after the application of exendin-4
tip-loaded MNs and subcutaneous injection in IPGTTs. In subcutaneous injection of
exendin-4 groups, plasma concentrations of exendin-4 rapidly increased and peaked at C max
values of 19.86 £ 9.93ng/ml (10 pg/kg subcutaneous injection of exendin-4) and 66.70 *
26.11ng/ml (50 pg/kg subcutaneous injection of exendin-4), respectively. The values
decreased to baseline at 120 min after glucose challenge. In the case of exendin-4 tip-loaded
MNSs, the plasma concentration-time profiles of exendin-4 were closely correlated with
subcutaneous injection of exendin-4 at the same dose. It also indicated that exendin-4 was
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rapidly released from the tip-loaded MNs. As illustrated in Fig. 21B, the calculated
AUC 30.120min Values of exendin-4 were significantly higher in both the exendin-4 tip-loaded
MNs group and the subcutaneous injection of exendin-4 group than in that of the control
group. Moreover, a dose-dependent increase in AUC 30.120min Values of exendin-4 was seen in
the exendin-4 tip-loaded MN group. No significant differences were observed in AUC.30-120min
values of exendin-4 between the exendin-4 tip-loaded MN group and the subcutaneous
injection of exendin-4 group after application of the same dose of exendin-4. Taken together,
these results suggest that the efficacy of exendin-4 tip-loaded MNs is almost equivalent to that

after subcutaneous injection.
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Fig. 21 Plasma concentration-time profiles of exendin-4 (S.C. and M.N.) in GK rats (A) and
calculated exendin-4 AUC 30120 min(B). Results are presented as means £S.E. of at least 5
experiments in each group. (***) p< 0.001 and (*) p< 0.05, compared with controls.
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DISCUSSION

In the present study, the novel MNs fabricated from hyaluronic acid is found to have
several advantages over previous MNs. Firstly, as a major component of skin, hyaluronic acid
is reasonably expected to overcome the safety issues when applied to silicon and metal MNs.
Moreover, its high water soluble characteristic makes it easy and suitable for mass production,
in contrast to other published methods that require more complex multistep fabrication
schemes.

To overcome the risk of complications, other biocompatible and biodegradable MNs have
been developed, such as the biodegradable polymers, including poly-lactide-co-glycolide acid,
polylactic acid, polyglycolic acid and polycarbonate [24-26]. If left in the skin, these types of
needles safely degrade and eventually disappear. They are also easy for production, but a
heating step or organic solvent is mainly required for the casting. For that reason, although
they also have the potential for loading drugs into a matrix of needles and releasing them in
the skin by biodegradation in the interstitial fluid, they are not suitable to loading
heat-sensitive drugs and peptides, such as insulin, and in turn, which eradicate their
pharmacological activities. Superior to these MNs, the water soluble HA MNs simply load
drugs within the needle matrix by molding the water solution of HA and drugs at room
temperature, and thereby provide a simple one-step application process that is efficient in
drug delivery. Moreover, the absence of organic solvents and elevated temperatures gives the
HA MNs notable advantages for preserving peptide and biomolecule stability.

Most of the abovementioned biodegradable polymer needles have slow-degrading
characteristics which can retain drugs in the skin for a long period of time. Therefore, they are
not suitable for rapid delivery of drugs. Unlike these MNs, HA MNs are readily soluble and
dissolve in skin within hours, and the release of drug is found able to further accelerate when
loading drug in the tip part of needles. Besides the HA used in this study with the molecule
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weight of 100,000 Da, there are many HA raw materials which range in size from 5,000 to
20,000,000 Da. By adjusting the composition of MN with these HA, the releasing profile of
drug from HA MNs is considered able to be further modified for different clinical need from
rapid drug delivery to sustained release without initial burst. In addition, in some prototyping,
HA MNs is found able to load small particles such as the nanoparticles made of
poly-lactide-co-glycolide acid, which indicates the possibility to further control the release of
drug with the combination of some sustained release approaches.

Besides polymeric needles, the MNs made of carbohydrates, such as maltose [27-29] and
galactoses [30], and dextrin [21, 31] was reported, which are readily soluble and dissolve in
skin within minutes. However, in a wet environment exceeding humidity levels of 43% to
50%, these MNs are rapidly dissolved due to hydrolysis, which lead to a rapid deformation or
disappearance of needles, and poor insertion ability into the skin [28, 30]. In contrast to these
soluble MNs, the HA MNs have good water soluble property as well as suitable resistance to
high humidity. The HA MNs are considered to be strong enough to reliably pierce into skin
even in the wet environment with 75% humidity for 1 h which is long enough for MNs
application. However, a sealed packaging is recommended to protect the MNs from wet
environment till use.

The capacity limitation of drug in HA MNs depends on the physiccochemical properties of
the drugs and their interaction with HA. Based on the experience in prototyping of the HA
MNs containing alendronate, FD4, insulin and exendin-4, the capacity limitation is found able
to be over 10 % which is equal to about 5 mg/cm?® when the drug is loaded in whole MNs
patch and 0.1 mg/cm® when the drug is loaded in needles. Namely, the insulin (28U/mg)
loading in whole patch is able to be 140 U/cm? and the loading in needles is able to be 2.8
U/ecm?. It is known that initial insulin dose of usual adult dose for diabetes Type 1 is
0.5-0.8U/kg/day subcutaneously (a total daily insulin requirement is about 35-56U/human if
the body weight is 70kg). To achieve such insulin administration, the total daily application
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area of the abovementioned 140 U/cm? and 2.8 U/cm? insulin loading MNs is 0.25-0.4 cm?
and 12.5-20 cm? by calculation, respectively. In both cases, their total daily application area is
practical for clinical use, indicating the potential of HA MNs for insulin administration.
Therapeutic dose of exendin-4 (Byetta) for diabetes Type 2 is twice-daily injection of 5-10
pg/human (a total weekly dose is 70-140 pg/human). Therefore, HA MNs can even provide
sufficient dose for sustained release of exendin-4 with reasonable application area.

In this study, the drug is uniformly mixed with the main material of HA in the matrix of
MNs for rapid drug delivery, and the drug release from HA MNs is observed to be within 1
hour. Therefore, an initial burst wasn’t observed in the in vitro release study. However, it
needs to be evaluated in the development to avoid hypoglycemia especially in case of
sustained release of insulin. For successful MNs application, one suggestion is to use an
applicator to well control the energy applied on MNs and provide consistent insertion in skin
because the insertion depth and the insertion ratio of the HA MNs may vary due to application
force and skin property of different subjects. The other suggestion is to apply MNs within 1 h
after taking out from the sealed package although the HA MNs have good resistance to

moisture compared with previous soluble MNs.
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CONCLUSION

Chapter 1:

1) The novel self-dissolving MNs from HA were able to uniformly puncture the skin
without breakage and release drug to the dermis along with the dissolution in skin.

2) The skin disruption caused by HA MNs was reversible, and the pore created by MNs was
observed to almost recover at 24 h after application. These findings from TEWL and
TER measurements and in vivo dermatosope observation indicated the safety of MNs
which is further confirmed by a skin primary irritation test.

3) The HA MNs containing FD4 were found to be much more effective for increasing the
amount of permeation and tissue accumulation in the skin as compared with the solution

formulation.

Chapter 2:

1) The insulin-loaded HA MNs possessed suitable hygroscopy, stability and drug releasing
profiles. Insulin administered via MNs was almost completely absorbed from the skin into
the systemic circulation without any serious damage to skin in diabetic rats.

2) The exendin-4 tip-loaded MNs provided rapid exendin-4 administration. They showed
comparable acute effects on glucose tolerance, insulin secretion and plasma concentration

profiles, as compared with subcutaneous injection, in type 2 diabetic GK/SIc rats.

To sum up, HA MNs are a useful alternative method to improve the transdermal delivery of
drugs, especially drug with relatively high molecular weight without seriously damaging the
skin. They might be effective and safe dosage form for transdermal delivery in the clinical

setting.
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