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ABSTRACT

Purpose To assess the feasibility of transdermal delivery of
exenatide (EXT) using low-molecular-weight sodium hyaluronate
(HA) dissolving microneedles (MNs) patches for type 2 diabetes
mellitus therapy.

Methods Micromold casting method was used to fabricate EXT-
loaded dissolving MNis. The characteristics of prepared MNs in-
cluding mechanical strength, in vitro/in vivo insertion capacity, disso-
lution profile and storage stability were then investigated. Finally, the
in vivo pharmacokinetics and hypoglycemic effects were compared
with traditional subcutaneous (SC) injection.

Results EXT-loaded dissolving MNs made of HA possessed suf-
ficient mechanical strength and the strength could be weakened as
the water content increases. The EXT preserved its pharmacolog-
ical activity during fabrication and one-month storage. With the aid
of spring-operated applicator, dissolving MNs could be readily
penetrated into the skin in vitro/in vivo, and then rapidly dissolved
to release encapsulated drug within 2 min. Additionally,
transepidermal water loss (TEWL) determinations showed that
skin's barrier properties disrupted by MNs recovered within |0—
|2 h. Transdermal pharmacokinetics and antidiabetic effects studies
demonstrated that fabricated EXT MNs induced comparable effi-
cacy to SC injection.
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Conclusions Our rapidly dissolving MNs patch appears to an
excellent, painless afternative to conventional SC injection of EXT,
and this minimally invasive device might also be suitable for other
biotherapeutics.
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ABBREVIATIONS
EXT Exenatide
FAM-EXT Carboxyfluorescein-labeled exenatide

GLP-1 Glucagon-like peptide-|
HA Sodium hyaluronate

MNs Microneedles

OGTT Oral glucose tolerance test

PDMS Polydimethylsiloxane

RBA Relative bicavailability

SC Subcutaneous

TEWL Transepidermal water loss

UPLC-MSMS  Ultra-performance liquid
chromatography tandem mass
spectrometry

INTRODUCTION

Type 2 diabetes mellitus is a chronic metabolic disorder char-
acterized by relative deficiency of insulin secretion and de-
creased 1nsulin sensitivity (1). This type of diabetes, which also
refers to as non-insulin-dependent diabetes, accounts for ap-
proximately 90-95% of all diabetic patients (2). Therefore, the
development of hypoglycemic drugs and relevant formulations
has become increasingly important. Exenatide (EXT), a first-
in-class incretin mimetic, is a synthetic product of exendin-4
originally isolated from the salivary secretions of the lizard
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Heloderma suspectum. It is a 39-amino acid peptide, which shares
53% sequence homology with the mammalian glucagon-like
peptide-1 (GLP-1) (3,4). As a highly potent GLP-1 receptor
agonist, EX'T" has been approved as a therapy for type 2 diabetes
mellitus, marketed as twice-daily Byetta® and once-weekly
Bydureon® (both Amylin Pharmaceuticals, San Diego, CA,
USA). Bydureon® i1s a long-acting microsphere formulation of
EXT and reduces administration frequency to some extent (5).
However, both products have to be administrated by subcuta-
neous (SC) injection, which could cause pain, needle phobia and
infections at the injection sites, resulting in poor patient
compliance (6).

To address this issue, minimally invasive delivery routes of
EXT without a hypodermic needle, including oral, sublingual,
intranasal and pulmonary routes, have been investigated as
alternatives to parenteral route (6-10). However, compared
to traditional SC injection, the absorption of EXT from these
routes into the systemic circulation is still poor owing to pre-
systemic enzymatic degradation and penetration barriers
present in epithelial mucosa (11). Transdermal delivery is
poised to provide an attractive alternative because of its easy
accessibility, non-invasion, painless administration, potential
for self-administration and avoidance of first-pass effect. Most
drugs, however, especially for macromolecules, do not pene-
trate skin at therapeutically relevant doses due to the biological
barrier imposed primarily by skin’s outermost stratum corneum
layer. To overcome this barrier, a variety of strategies have
been developed to increase percutaneous absorption of macro-
molecular therapeutics, such as chemical enhancers, liquid/
powder jet injections, iontophoresis, electroporation,
microdermabrasion, ultrasound, thermal ablation and
microneedles (MNs) (12—14).

MNs are arrays of micron-scale needles that permeabilize the
stratum comeum by creating reversible microchannels in the skin,
thereby enabling the penetration of skin-impermeant
biotherapeutics. These minimally invasive devices are long
enough to pierce through the permeability barrier, but short
and thin enough to avoid causing pain (15). MNs with diverse
geometries have been made of various materials including sili-
con, metals, glass and polymers. Four different types of MNs
strategies have been developed: 1) solid MNs for skin pretreat-
ment to enhance permeability; 2) coated MNs with drug coating
that dissolves off in the skin; 3) dissolving MNs that incorporate
drug and dissolve in the skin; 4) hollow MNs for drug solution
injection (16,17). Each type of MNs has specific advantages and
limitations.

In the last few years, dissolving MNs have received extensive
attention because of the following potential advantages over
other types of MNGs: 1) in contrast to coated MNs, dissolving
MNs encapsulate sensitive biomolecules within the needle shafts,
which may exhibit a higher loading capacity; 2) dissolving MNs
made out of water-soluble biocompatible polymers dissolve upon
insertion into the skin, thereby leaving no sharp biohazardous

waste after use; 3) using relatively inexpensive polymers and
micromold casting method, dissolving MNs can be readily pro-
duced in an economical manner suitable for scale up to mass
production (16—-19). However, water-soluble polymers generally
have weaker mechanical strength compared to non-dissolving
materials like silicon or metal, and drug encapsulation may
further weaken their biomechanical strength (18,19). Thus,
proper geometry design and materials selection are particularly
important for dissolvable MNs fabrication. To date, dissolving
MNs have been fabricated from various materials, such as sugars
(20,21), carboxymethylcellulose (18,22), polyvinylpyrrolidone
(23), poly (methyl vinyl ether-maleic acid) (19), chondroitin sul-
fate (24) and sodium hyaluronate (HA) (13,25—28).

In this study, we selected HA as water-soluble matrix material
of the EXT dissolving MNs patches. HA 1s a biocompatible
polysaccharide that can be found abundantly in all tissues and
body fluids, especially in the skin (29). This natural biopolymer is
widely used as a cosmetic ingredient in skin care products and
injectable filler for soft tissue augmentation (28,30). Moreover,
HA was found to produce MNs with sufficient mechanical
strength and high safety in human (13,27,28). Therefore, its high
hydrophilicity and biocompatibility make HA an excellent can-
didate for dissolving MINs material. In the present study, we first
developed novel EXT-loaded dissolving MINs made of HA. The
characteristics of prepared MNs including mechanical property,
mnsertion capacity, dissolution profile and storage stability were
then investigated. Finally, the  vivo pharmacokinetics and hypo-
glycemic effects were evaluated. This is the first study to translate
the use of dissolving MNs patches for transdermal delivery of
EXT, which might significantly enhance patient compliance.

MATERIALS AND METHODS
Materials and Animals

EXT was kindly provided by Shanghai Institute of
Pharmaceutical Industry (Shanghai, China). HA with molecular
weight less than 10 kDa (miniHA™) was obtained from
Bloomage Freda Biopharm Co., Ltd. (Jinan, China).
Polydimethylsiloxane (PDMS, Sylgard® 184) and
carboxyfluorescein-labeled EXT (FAM-EXT, Abs/Em=494/
519 nm) were purchased from Dow Corning Corp., (Midland,
USA) and AnaSpec, Inc., (San Jose, CA, USA), respectively.
Exenatide enzyme immunoassay (EIA) kits were provided by
Phoenix Pharmaceuticals, Inc. (EK-070-94, CA, USA). Other
chemicals and reagents used were of analytical reagent grade
and supplied by Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).

Fresh neonatal porcine skin was obtained from a local slaugh-
terhouse. Male Sprague—Dawley (SD) rats with body weight of
200-250 g were supplied by the Shanghai Super-B&K
Laboratory Animal Corporation Ltd. (Shanghai, China), and
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male C57BL/6 ] db/db mice (58 weeks old) were obtained from
the Model Animal Research Center of Nanjing University
(Nanjing, China). The animals were housed under controlled
conditions of 12:12 h light—dark cycle and 22+ 2°C, with food
and water ad libitum. All studies concerning experimental animals
were conducted in accordance with Ethical Guidelines for
Investigations in Laboratory Animals and were approved by
National Pharmaceutical Engineering and Research Center.

Preparation of Drug-loaded Dissolving MNs

The dissolving MNs were prepared via micromold-based
method as previously reported (18,19,24). Briefly, a stainless
steel master structure consisted of 225 pyramidal needles (with
approximately 600 um height, 200 pm width at base, 500 pm
interspacing, and 15X 15 array) was created using an electrical
discharge machining process (Micropoint Technologies Pte.
Ltd., Singapore). After placing the master structure in the
centre of a metal mould, degassed PDMS (mixed in a 10:1
w/w ratio of prepolymer to curing agent) was poured into the
mould, and cured for 1 h at 90°C. The precisely inverse-
replicated micromolds were then obtained by peeling off the
master structure carefully.

To serve as the MNs casting material, 0.5 g of HA was
dissolved in 1.0 mL of distilled water and mixed with EXT or
FAM-EXT. Thirty uL of the prepared drug-load solution was
added to the surface of the micromold in a 50-mL Corning
tube and centrifuged (TDZ5-WS, Shanghai Lu Xiangyi
Centrifuge Instrument Co., Ltd., China) at 4,390 % g for
1 min to push the casting solution into the cavities of the mold.
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Excess solution remaining on the surface was pipetted and
saved for recycling use. The micromold was then centrifuged
for 5 min to facilitate compaction and drying. A blank solution
consisting of 1.0 g of HA and 1.0 mL of distilled water was
dispensed onto the mold and centrifuged to form the backing
layer. After dried in the desiccator containing silica gel at
room temperature, the EXT-loaded MNs patches were de-
tached from the micromold (Fig. 1). Placebo dissolving MNs
were also prepared by the same method, except that no drug
was added. Thereafter, the obtained MNs patches were ex-
amined by a digital microscope (VHX-1000, Keyence Corp.,
Osaka, Japan).

Quantification of EXT in the MNs Patches

To determine the contents of EXT loaded in the MNs
patches, drug was extracted from each patch with 10.0 mL
of deionized water followed by vortex mixing to release the
encapsulated drug completely. After centrifuged for 10 min,
the supernatant was separated and analyzed by ultra-
performance liquid chromatography tandem mass spectrom-

etry (UPLC-MS/MS) described below.

Mechanical Properties of HA Dissolving MNs

The TAXT plus texture analyzer (Stable Micro Systems,
Surrey, UK) was used to study the mechanical properties of
prepared HA MNs patches. Each tested MNs patch (placebo

or drug-loaded) was placed on the flat rigid aluminium plate
with the needle tips upward. An axial force oriented
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Fig. | Schematic illustration of the fabrication process of HA dissolving MNs patches fabrication process. (1) PDMS was poured onto the stainless steel master
structure; (2) PDMS micromold was cured and peeled off the master structure; (3) drug-loaded solution was added to the surface of the micromold; (4)
micromold was centrifuged to push the casting solution into the cavities of the mold; (5) excess solution remaining on the surface was removed; (6) the mold was
centrifuged to facilitate compaction and drying; (7) blank solution was dispensed onto the mold; (8) blank solution was centrifuged to form the backing layer; (9) the

drug-loaded MNs patch was dried and detached from the mold after dried.
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perpendicularly to the plate (i.e. parallel to the MNs vertical
axis) was then applied using a 5-mm-diameter flat-head
stainless steel cylindrical probe to press against the tips of the
MNs array at a constant speed of 1.1 mm/sec, and the trigger
force was set at 0.049 N (13,18). The texture analyzer record-
ed the force required to move the metal cylinder as a function
of distance until a preset displacement of 400 pm was reached.
To evaluate the effect of residual water content in dissolv-
ing MNs on needle strength, various moisture contents of
MNs patches were generated by incubating the MNs with
saturated salt solutions in desiccators at room temperature
(13,25). The relative humidity (RH) in the desiccators was
maintained at 23, 33, 43 and 75% through the use of saturat-
ed salt solutions (CH;COOK, MgCly, K,CO4 and NaCl)
(13,31). After at least 3 days, water contents in the MNs were
first analyzed using drying loss method on the electronic
moisture balance (MOC-120H, Shimadzu Corporation,
Kyoto, Japan). The mechanical strengths of different water
contents MINs were then determined as described above.

In Vitro and In Vivo Imaging of MNs Insertions

To assess the i witro skin insertion capability of the prepared
MNs, neonatal porcine skin was separated from stillborn piglets
and immediately excised, trimmed to an appropriate thickness.
A 15x%15 array of MNs patch co-loaded with EXT and meth-
ylene blue (0.5%, w/v) was attached to a home-made spring-
operated applicator and then inserted into the porcine cadaver
skin for approximately 2 min to dissolve the encapsulated drug
and dye. After the MINs were removed, the punctured skin was
imaged under the stereomicroscope to calculate the insertion
ratio by dividing the number of blue dots on the skin after
insertion by the number of needles in a MNs array (32).

To determine the depth of MNs insertion, FAM-EXT-
loaded MNs were pierced into the porcine skin as described
above. The treated areas were isolated from the skin with a
surgical scalpel. The excised skin samples were covered with an
O.C.T. compound (Tissue-Tek®, Sakura Finetek USA, Inc.,
Torrance, CA) in an embedding mold and snap-frozen in
liquid nitrogen. The frozen samples were sectioned into
10-pm-thick serial slices on a Leica CM1950 cryostat micro-
tome (Leica Microsystems, Nussloch, Germany) and these sec-
tions were mounted onto positively charged microscope slides
(Citotest Labware Manufacturing Co., Ltd., China). The skin
sections were then examined under an Olympus IX-81 inverted
fluorescence microscope (Olympus Corp., Tokyo, Japan).

In vivo MNs insertions were conducted on SD rats. The hair
on the back region was carefully removed with electric shaver
and depilatory cream (Veet®, Reckitt Benckiser Household
Products Co., Ltd., Bejjing, China) under anesthesia the day
before the experiment. FAM-EXT-loaded MNs were applied
to the exposed skin and left for 2 min to dissolve the MNs. Rats
were euthanized immediately and the skin was harvested

using a surgical scissors. Full thickness skin was carefully
excised by removing excess subcutaneous fat and connective
tissue. The obtained skin samples were placed on a glass slide
and examined using a Zeiss LSM 710 confocal laser scanning
microscope system (Carl Zeiss Microlmaging, Germany) un-
der excitation at 494 nm to visualize the vertical distribution of
the drug in the skin. Images were captured in the xy-plane (i.e.,
parallel to the plane of the skin surface). The initially scanned
skin surface (=0 pm) was defined as the imaging plane of the
outermost stratum corneum layer. Scanning was conducted once
at an interval of 10 um from the skin surface through the z-
axis perpendicular to the xy-plane (32).

In Vitro Dissolution of Drug from the EXT-loaded MNs

EXT-loaded MNs patches were inserted into neonatal por-
cine skins using the home-made applicator and held i siu for
varying time intervals (1, 3, 5, 10, 30, 60, 90, 120, 150 and
180 sec). After removal of the MNs, the punctured arca were
tape-stripped twice with Scotch® tape (3 M Company, MN,
USA) to remove the residual drug left on the skin surface. Both
the inserted MNs and stripped tapes were soaked in 10.0 mL
of deionized water for 10 min at room temperature to recover
the drug. The extracted solutions were then assayed by an
established UPLC-MS/MS method. Using a mass balance,
the amount of drug delivered into the skin was calculated by
subtracting the amount of EXT remaining in the MNs after
insertion and on the skin surface from the amount initially
loaded in the non-inserted MNs patches (13,32).

UPLC-MS/MS Assay Method for EXT

The resultant EX'T samples were determined using a UPLC-
MS/MS system (33), which consisted of a Waters Acquity'
UPLC and a Xevo' ™ TQ MS triple-quadrupole mass spec-
trometer (Waters Corp., MA, USA). Chromatographic sepa-
ration was achieved under gradient conditions employing
0.2% formic acid in deionized water (A) and 0.2% formic
acid in acetonitrile (B) at a flow rate of 0.2 mL/min using an
Acquity BEH300 C18 Peptide Separation Technology col-
umn (2.1 mm*50 mm, 1.7 um, Waters Corp., MA, USA) at
50°C. Initial conditions were 80% (A) then ramped to 75% (B)
over 1.5 min, held for 1.0 min then back to initial conditions.
The injection volume was 3.0 pL and the total cycle time was
3.0 min. The MS/MS acquisitions were performed in positive
1on electrospray ionization (ESI) mode with multiple reaction
monitoring (MRM). A tuning software, IntelliStart'™, was
used to automatically optimize source voltages and fragment
generation and selection for the analyte. For EXT detection,
the characteristic precursor [M+4H]" to product ion transi-
tion of m/z 1047.6—396.4 was optimized for the following
parameters: capillary voltage, cone voltage and collision en-
ergy with 3.00 kV, 36 V and 34 eV, respectively; desolvation
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gas flow with 1,000 L/h; source and desolvation temperature
with 150 and 500°C, respectively; dwell time with 0.100 sec.

Transepidermal Water Loss (TEWL) Determinations
after the Dissolving MNs Insertion

The hair on the dorsal region was removed the day before the
experiment. After anesthetized and acclimatized to the ambi-
ent conditions (i.e., 20£2°C, 50+5% RH) for 30 min, the
exposed skin was treated with EXT dissolving MNs as previ-
ously described. The Tewameter® TM 300 (Courage +
Khazaka electronic GmbH, Cologne, Germany) was used to
determine TEWL at the treated sites pre- (0.25 h prior to
MNs treatment) and post-application of MNs. TEWL deter-
minations were performed at different time points (0, 0.25,
0.5, 1,2, 3,4, 6,8, 10 and 12 h after removal of MNs) by
placing the probe head horizontally on the treated skin at a
constant pressure. Meanwhile, TEWL measurements were
also taken for the control group (n=6 for each group) which
received the same protocol except MNs treatment.

Storage Stability of EXT Encapsulated in Dissolving
MNs Patches

To assess the storage stability of EXT-loaded MNs, MNs
patches were first heat sealed in aluminum plastic-laminated
sachets containing silica gel, and then stored under various
temperatures (—20, 4, 25 and 40°C) for 1 month. Thereafter,
MNs were dissolved in deionized water, and residual EXT
contents were determined as described above.

In Vivo Pharmacokinetic Studies in SD Rats

After 1 week of acclimation, each rat was anesthetized by an
intraperitoneal injection of sodium pentobarbital (50 mg/kg),
and the back hair was removed as described previously. Prior
to the experiment, rats were fasted overnight, but received
water ad libium. Animals were randomly divided into three
groups (n=4 for each): 1) the SC injection group; 2) the EXT-
loaded MNs (5 pg per patch) group; 3) the transdermal
solution group. For the SC injection group, Byetta® prefilled
pen, an EXT injectable prescription medicine (5 ng/20 uL
per dose), was subcutaneously injected into dorsal skin using
31-gauge disposable pen needles. MNs patches were admin-
istered to the rat skin using the applicator. For the transdermal
group, 20 puL of EXT solution (5 pg/20 uL, the same con-
centration as Byetta®) was spread evenly on the exposed skin
of each mouse, and the applied area was then covered with
air-permeable tape to prevent animal licking. The rats were
given free access to water during the experiment. Blood sam-
ples (approximately 0.2 mL) were collected by retro-orbital
bleeding into heparin anticoagulated polyethylene tubes at
predetermined time points (0, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4
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and 5 h after administration). After centrifugation at 12,750
gfor 3 min, the supernatant plasma was obtained and stored at
—80°C untl analysis. Plasma concentrations of EXT were
quantified using commercial EXT EIA kits, followed by the
manufacturer’s instructions (7,8).

The maximum drug concentration, Cy,,y, and the time to
reach maximum plasma EXT concentration, T\, were
determined from curves obtained by plotting the drug con-
centration (ng/mL) versus time. The area under the plasma
concentration-time curve, AUC, was computed by the trape-
zoid method and used to calculate bioavailability. The relative
bioavailability (RBA) of the EXT-loaded MNs was calculated
using the following formula:

RBA = (AUCMN X DOSCsc)/(AUCSC X DOSCMN) x 100%

where AUCy 1y and AUCig¢ signify the areas under the curves
after applying the drug-loaded MNs patches and
subcutaneous injection of EXT solution, respectively (25).

Hypoglycemic Effects of EXT-loaded MNs Patches

Diabetic db/db mice were first used to evaluate the hypogly-
cemic effects of EX'T-loaded MNs patches under non-fasting
conditions with free access of water and food (9,34). After
removed the dorsal hair, three groups (=6 for each) of mice
were treated respectively with placebo MNs (control), drug-
loaded MNs patches or SC injections (5 pg EXT per mouse).
Blood glucose levels were then monitored using a glucometer
(Accu-Chek Performa Nano, Roche Diagnostics, Germany)
by tail vein blood sampling at 0, 0.5, 1, 2, 3, 4, 5, 6, 8, 10 and
12 h after administration.

The glucoregulatory effects of EXT MNs patches were
further examined using oral glucose tolerance test (OGTT)
in type 2 db/db mice after administration, as previously re-
ported (7,34). Briefly, overnight-fasted mice were randomly
divided into four treatment groups (n=>5 for each): the placebo
MNs group (blank control), the EXT MNs group, the SC
injection group and the transdermal solution group (5 pg
EXT per mouse). Mice in these four groups were treated with
different dosage regimens described above at —0.5 h. At 0 h,
intragastric administration of a glucose solution (1.0 g/
10 mL/kg) was performed in each mouse, and blood glucose
levels were then determined at set intervals (—30, 0, 15, 30, 45,
60, 90, 120 and 180 min post-glucose administration). The
mice were given free access to water, but remained fasted
throughout the entire experiment. Long-term antidiabetic
efficacy of EXT dissolving MNs was then evaluated in a
separate set of experiments. Three groups (n=5 for each) of
animals were treated respectively with blank MNs, SC injec-
tions or EXT-loaded MNs twice everyday (10:00 am and
5:00 pm, 5 pg EXT per mouse once) for 2 weeks (Day 1-
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Day 14). MNs patches were applied alternately to the bilateral
dorsal skin of mice. To carry out OGT'T, the mice were fasted
from 9:00 am for 4 h, followed by an oral administration of
glucose solution described above. Blood glucose levels were
monitored at 0 (before glucose administration), 30 and 60 min
after the glucose administration (38). Meanwhile, the MNs
application areas were observed throughout the entire study
period to assess the local skin tolerability.

Statistical Analysis

Data are presented as mean value * standard deviation.
Statistical data were analyzed by Student’s /test or one-way
analysis of variance using SPSS version 16.0. Statistical differ-
ences were assumed to be significant when p<0.05.

RESULTS
Characterization of Fabricated HA MNs

Micromolding method was used to fabricate the EXT-loaded
dissolving MNs patches (Fig. 1). PDMS micromolds were first
inverse-replicated from the stainless steel master structure
(Fig. 2a). These micromolds were then used to replicate dis-
solving MNs by solvent casting with aqueous solution of HA,
resulting in rigid MNs structures mirroring their master struc-
ture (Fig. 2b). These fabricated MNs measured 554.2+
6.7 pm height and 182.1£6.2 pm base width (=10 needles),
corresponding to an approximately 7% reduction in size
compared with the master structure. The decrease in dimen-
sions may be attributed to the water evaporation during the
drying process, leading to solidification contraction of the HA
matrix (18).

Mechanical Analysis of HA Dissolving MNs

Polymer MNs should have sufficient mechanical strength for
penetrating the skin without mechanical failure. Mechanical

Fig. 2 Bright field micrographs of
the stainless steel master structure
(@) and the fabricated EXT-loaded
dissolving MNs (b).

characteristic of prepared dissolving MNs patches was evalu-
ated using compression mode, which continuously recorded
the compression force and displacement. We first measured
the mechanical strengths of blank and EXT-loaded dissolving
MNs. As shown in Fig. 3b, the force required to press metal
cylinder against the needle increased with displacement over
the range tested. The force-displacement curves showed no
discontinuous point indicating needle failure, which is consis-
tent with previous studies (18,35). For the blank MNs made of
pure HA without loading drug, the compression force in-
creased to 28.14 N when displacement reached to 400 pm.
Encapsulation of 5 pg EXT in MNs of the same geometry
decreased the force to 25.19 N, indicating that drug loading
slightly weakened the needles strength.

We further studied the effect of water content in EXT-
loaded MNs on mechanical strength due to the highly hygro-
scopic property of HA. After incubation in various RH con-
ditions, the water contents in MNs changed relative to the
incubation humidity (Fig. 3a), and thereby affected the me-
chanical properties of the MNs (Fig. 3b). The initial water
levels of dried MNs (dried in silica gel) increased from 1.57 to
7.69% and 18.91% after storage at 23% and 75% RH,
respectively. To reach a compression displacement of
400 pm, the required forces correspondingly reduced to
22.28 N and 8.84 N. We conclude, therefore, that the me-
chanical strength of HA MNs could be weakened as the water
content increases, which might disable MNs insertion.

In Vitro Skin Insertion and In Vivo Transdermal Delivery
of FAM-EXT-loaded MNs

In vitro MNs insertion ability was first evaluated by piercing the
dye-loaded MNs into excised neonatal porcine skin, which is an
ideal skin model for performing MNs insertion (18,19). With
the aid of spring-operated applicator designed specifically for
MNs insertion (Fig. 4), MNs patches were readily penetrated
into the skin. Upon contact with the interstitial fluid, MNs tips
rapidly dissolved and released the encapsulated dye and drug.

Fig. 5a provides a representative photomicrograph of the por-
cine skin surface after MNs insertion. The 15 % 15 array of blue
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Fig. 3 Water contents and mechanical analysis of HA dissolving MNs
patches. (@) Water contents of EXT-loaded MNs after dried in desiccators
containing silica gel or incubated in various RH conditions (n=3 for each
group). (b) The force-displacement curves were measured by pressing metal
cylinder probe against the MNs arrays and results represented the average of
five replicate measurements each. Tested MNs included blank, EXT-loaded
dissolving MNs after dried and drug-loaded MNs incubated in various RH
conditions.

spots in the shape of MNs array indicates that essentially all
needles were successfully inserted into the skin.

Fig. 4 Photographs of home-
made spring-operated applicator
used for applying dissolving MNss to
skin. (@) The MNis patch was first
attached to the applicator, and (b)
the applicator was then activated by
pressing the blue button to release
the compressed spring.
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Figure 5b and ¢ show representative fluorescence micro-
graphs of FAM-EXT-loaded MNs before and after skin in-
sertion for 2 min, indicating that all of the needles completely
dissolved after 2 min application. To facilitate imaging the
MNs insertion depth, histological sections of the skin pierced
with dissolving MNs were examined. The white arrows in
Fig. 5d and e show skin puncture sites by the dissolving
MNs. Following dissolution, the encapsulated fluorescent
dye was deposited within the skin at sites of MNs penetration
and the penetration depth was approximately 280-300 pm,
which means that about half of the MINs shaft penetrated into
skin due to the skin deformation during MNs insertion (18).

To further assess the feasibility of i vwo transdermal deliv-
ery of EXT using the prepared dissolving MNs, additional
experiments were performed in living rats. FAM-EXT MNs
patches were inserted into the rat dorsal skin using the appli-
cator as described above. Full-thickness skin samples were
collected and then analyzed under the confocal laser scanning
microscope to determine the vertical distribution of the drug
in the skin. The confocal images were recorded at increasing
depths from the skin surface. Fig. 5f|_; 5 show the fluorescence
of the released FAM-EXT and the maximal diffusion depth
was at least 280 um after insertion into rat skin for 2 min,
which was consistent with Fig. 5d and e. These results indicate
that the prepared HA MNs could be easily inserted into skin
and then release the encapsulated drug rapidly.

In Vitro Dissolution of Drug from the EXT-loaded MNs

EXT in vitro dissolution from the dissolving MNs patches was
performed in isolated neonatal porcine skins. The cumulative
release profile was presented in Fig. 6. After insertion into the
skin, the needles dissolved rapidly and released the encapsu-
lated drug. When the insertion time extended to 2 min, almost
all of the loaded EXT was released and deposited in the skin,
indicating that encapsulated bioactive therapeutics could be
readily delivered into the skin through the prepared HA
dissolving MNs patches. Consistent with the i vitro dissolution
result, HA dissolving MNs also completely dissolved after
insertion into porcine skin for 2 min (Fig. 5¢).

) L
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Fig. 5 Invitro and in vivo imaging of a

dissolving MNs insertions. (a) i;{i 5 a1t
Brightfield micrograph of neonatal e % = e

porcine skin after the methylene ;:i :E

blue-loaded MNs in vitro insertion. :t:e %

Each blue spot corresponds to the :f;;*r

site of MNs penetration into the o - i

skin. Fluorescence micrographs of =y

FAM-EXT loaded MNs (b) before
and (c) after skin insertion for 2 min.
(d) Fluorescence and (e) merged
brightfield and fluorescence images
of histological sections of porcine
skin puncture sites (white arrows).
The green fluorescence in (d) and
(e) indicates the FAM-EXT released
from the dissolving MNs. (f_ys)
Confocal laser scanning microscope
images of the penetration of FAM-
EXT (green) across the rat skin at
different depths after in vivo insertion
for 2 min.
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Fig. 6 In vitro dissolution of EXT from the rapidly dissolvable MNs in
neonatal porcine skins. Each point represents the mean = standard deviation
of five replicates.
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Skin Resealing Kinetics after MNs Insertions

Skin rescaling kinetics after insertion of dissolving MNs in rats
in vwo was studied using TEWL measurement. As illustrated in
Fig. 7, the mean TEWL value of untreated skins was 11.02+
2.78 g/m™h before the MNs treatment. The TEWL value
increased dramatically to 77.46+7.68 g/m*h immediately
after the dissolving MNs insertion. The value then gradually
decreased back to a level similar to that of intact skin within 10—
12 h of MNs removal, suggesting the resealing of skin’s barrier
properties. In contrast, the mean TEWL values of control
group receiving no MNs treatment exhibited no significant
change, with a minimal fluctuation around 11 g/m™h.

Storage Stability
For evaluation of EXT storage stability following encapsula-

tion, drug-loaded MNs patches were stored at four different
temperature conditions, with the results illustrated in Table I.
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Fig. 7 Skin resealing kinetics study after insertion of EXT dissolving MNs in
rats in vivo using TEWL measurement (n = 6). The TEWL values were taken at
different time points pre- and post-application of MNs.

The remaining percentages of the formulated EXT after
1 month of storage were 99.54, 99.79, 97.86 and 91.65% at
—20, 4, 25 and 40°C, respectively. Although the remaining
contents were slightly reduced at 40°C, more than 90% of
encapsulated EXT remained intact in the MNs patches.
Consequently, EXT encapsulated in MNs was found to be
stable for at least 1 month under these storage conditions.

Transdermal Absorption of EXT in SD Rats Using
Dissolving MNs Patches

To investigate transdermal absorption of EX'T-loaded dissolv-
ing MNs, pharmacokinetic studies were carried out in normal
SD rats. The plasma profiles and relevant pharmacokinetic
parameters after administration of SC injection, EXT MNs or
transdermal solution are shown in Fig. 8 and Table II.
Immediately after SC injection, plasma concentrations of
EXT rapidly increased, peaked at 0.25 h (C,,,=24.20*
4.79 ng/mlL), and then reduced to basal level within 5 h
post-injection. A similar pattern of absorption was observed
after application of EX'T MNs, with T, and C,,,, values of
0.25 h and 22.18+4.33 ng/mL, respectively (Fig. 8). In con-
trast, transdermal solution applied to intact skin showed un-
detectable levels of EXT, indicating that the drug could not be
absorbed through intact rat skin. Based on calculated AUC

Table I Storage Stability of EXT Encapsulated in Dissolving MNs Patches at
Various Temperatures for | Month (n=6)

Temperature (°C) Remaining of EXT (%)
-20 99.54+3.97
4 99.79+5.87
25 97.86 +4.44
40 91.65+1.82
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Fig. 8 The pharmacokinetic profiles of EXT in SD rats (n =4 for each group)
after treatment of SC injection (5 ug/20 uL), EXT-loaded MNs patches (5 ug/
patch) or transdermal solution (5 ug/20 ulL). Each rat received 5 ug of EXT.

values and initial doses, the RBA of EXT-loaded MNs was
97.06% (Table II).

Transdermal Antidiabetic Efficacy of Dissolving MNs
Patches In Vivo

The transdermal antidiabetic effects of EXT using dissolving
MNs were first investigated in non-fasting diabetic mice. Non-
fasting blood glucose concentrations changes after application
of placebo MNs (blank MNs with non-EXT loaded), EXT-
loaded MNs or SC injection of EXT solution are illustrated in
Fig. 9a. The obtained blood glucose profiles showed that both
SC injection of EXT solution and application of EXT MNs
lowered blood glucose levels rapidly and reached a minimum
plasma glucose concentrations of approximately 42.32+
7.90% (from 23.20£1.29 mmol/L at 0 h to 9.82*
1.86 mmol/L at 4 h), and 43.89£9.81% (from 22.60+
2.67 mmol/L at 0 h to 9.87+2.42 mmol/L at 5 h) of their
initial values, respectively. The glucose-lowering profiles were
followed by a rebound toward the pretest blood glucose values
from 6 h, and returned to typical hyperglycemia at 12 h after

Table Il Pharmacokinetic Parameters of EXT in SD Rats After Administration
of SC Injection or Dissolving MNs Patches (n =4)

SC injection EXT MNs patches
Trnax (h) 0.25 0.25
Crrax (ng/ml) 2420+4.79 22.18+433
AUC (ng-h/mL) 20.06 =431 19.47£5.11
RBA (%) 100.00 97.06

Trrax the time to reach maximum plasma EXT concentration
Crax the maximum drug concentration
AUC, the area under the plasma EXT concentration-time curve

RBA, relative bioavailability compared with subcutaneous injection
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Fig.9 Hypoglycemic effects of EXT-loaded MNs patches in db/db mice. (@) Changes in non-fasting blood glucose levels (n = 6 for each group) treated with blank
MNs, EXT-loaded MNs patches or SC injection (5 ug EXT per mouse). (b) Acute glucose-lowering efficacy of different dosage regimens (5 g EXT per mouse,
n=>5) by OGTT. The OGTT were performed by single administering blank MNs (control), EXT-loaded MNs patches, SC injection or transdermal solution at
30 min before receiving an oral dose of glucose (1.0 g/10 mLkg). (€) Long-term glucoregulatory efficacy after treated respectively with blank MNs, SC injections
or EXT MNs twice everyday (10:00 am and 5:00 pm, 5 ug EXT per mouse once, n =5) for 2 weeks. The OGT Twere carried out after 4 h fasting from 9:00 am
and blood glucose levels were monitored at 0, 30 and 60 min after glucose challenge.

administration. In contrast, the blank group (control) treated
with placebo MNs showed no evident hypoglycemic action,
with minimal blood glucose fluctuations (from 24.12+1.75 to
21.30%1.06 mmol/L).

Postprandial hyperglycemia is generally regarded as a
more sensitive marker of diabetic control than the fasting
glucose level in type 2 diabetes mellitus (36). The acute and
long-term glucose-lowering efficacy of prepared EXT MNs
patched was further investigated by OGT'T in diabetic mice,
with the results shown in Fig. 9b and c. For acute antidiabetic
efficacy testing, an oral dose of glucose was administered to
the fasted mice at 0.5 h after receiving four different dosage
regimens in order to imitate the postprandial hyperglycemia,
as shown in the control group received placebo MNs

application. Due to no hypoglycemic activity of placebo
MNs, blood glucose levels rapidly increased to 31.34+
2.20 mmol/L at 0.5 h after an oral glucose challenge, and
then decreased slowly. However, both SC injection and EXT
MNss significantly suppressed blood glucose concentrations to
16.96+2.38 and 18.26£2.69 mmol/L at 0.25 h after glucose
challenge, respectively (Fig. 9b). Calculated glucose AUG(_1g9
min Values in Fig. 9b showed that there was no significant
difference (1816.6£120.0 versus 1872.4+380.8 mmol-min/L
for SC injections and EX'T MNs, respectively, p=0.763)
between these two groups, suggesting that fabricated MNs
were equally effective to conventional SC injections. In addi-
tion, the glucoregulatory effect of applying topically the EXT
solution on intact skin (transdermal group) was studied as well.
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Compared with the blank control, transdermal administration
of EXT solution showed negligible glucose-lowering effect
(3559.6+347.0 versus 3439.0+359.5 mmol-min/L for blank
control and transdermal solution, respectively, p=0.604), in-
dicating that EXT did not pass through the intact mice skin
either, which is consistent with the pharmacokinetic study
(Fig. 8). To investigate the long-term glucoregulatory efficacy
of prepared EXT dissolving MNs, experimental db/db mice
received twice-daily, multiple dosing of different treatments
for 14 days. As in the single administration study (Fig. 9b),
blood glucose concentrations of the control group treated with
blank MNs markedly rose to high levels 30 min post the
glucose challenges. The administrations of SC injection and
EXT MNs, however, both effectively enhanced glucose toler-
ance, as illustrated in Fig. 9c. Furthermore, after long-term
application of EXT MNs patches (Day 14 in Fig. 9¢), the
glucose-lowering efficacy was, as expected, almost as same as
that of acute phase response (Fig. 9b or Day 1 in Fig. 9¢), and
there was no significant difference between the EXT MNs
group and the SC injection group (p=0.449 for 30 min and
$=0.325 for 60 min on Day 14). Additionally, though faint
erythema was observed at application sites immediately after
removal of MNs, neither damage nor irritation was identified,
and these local responses disappeared 48 h after treatment
(data not shown), suggesting a good tolerability profile of
prepared MNs patches after long-term application i vio.

DISCUSSION

Diabetes mellitus, characterized by chronic hyperglycaemia, is
a complex metabolic disorder that causes increasing numbers
of deaths worldwide. For patients with diabetes, hypoglycemic
agents must be frequently taken to stabilize basal or postpran-
dial glucose levels (9). EXT, as the first-in-class GLP-1 recep-
tor agonist (incretin mimetic) approved for type 2 diabetes
mellitus therapy, has multiple glucoregulatory actions, includ-
ing stimulation of glucose-dependent insulin secretion, reduc-
tion of glucagon secretion, suppression of food intake and
deceleration of gastric emptying. These glucoregulatory ac-
tions of EX'T' lower the incidence of hypoglycemia compared
with traditional glucose-independent drugs such as
sulfonylureas and insulin (4,37). However, the commercial
product Byetta® must be SC injected twice a day due to its
short half-life of 2.4 h, which adversely affects patient
compliance and limits its therapeutic utility (5). To address
this issue, numerous approaches have been studied to improve
the therapeutic efficacy of EXT. Sustained-release dosage
forms (microsphere, nanoparticles or thermogel) and structure
modifications (conjugation or PEGylation to prolong the elim-
mnation half-life) of EXT are two major strategies that have
been developed to reduce the administration frequency to
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some extent (5,34,38). Nevertheless, all of these preparations
have to be administered exclusively by injection, which may
still impose barriers to acceptance of therapy (6). On the other
hand, attempts to delivery EXT via non-injected routes, such
as oral and pulmonary routes, have also been made to en-
hance patient convenience and compliance (6—10). However,
as mentioned previously, the bioavailabilities of EXT using
these routes are limited, and the pulmonary inhalation may
induce additional side effects to the lung, just like the inhaled
insulin product Exubera® (24).

Transdermal delivery of biomolecules, including proteins,
nucleic acids and vaccines, using dissolving MNs presents a
promising alternative route, because they combine the efficacy
of conventional injection with the convenience and safety of
transdermal patches, while minimizing the drawbacks of both
methods (16,22,32). Previous studies have reported that a
variety of macromolecules, of which insulin is a representative
drug, administrated by dissolving MNs, could be completely
or almost completely absorbed through the skin into the
systemic circulation, thus achieving a high bioavailability com-
parable to SC injection (24,25,32). This study, therefore,
evaluated the feasibility of transdermal EXT delivery using
dissolving MNs patches.

HA has been previously used as matrix material by Hiraishi
et al. and Liu et al. to fabricated dissolving MNs patches
(13,25-27). They demonstrated that transdermal insulin
delivery and transcutaneous vaccination using the HA
dissolving MNs induced comparable efficacy to traditional
hypodermic mjection. The safety was also verified by clinical
study in healthy volunteers (27). These findings indicate that HA
1s suitable candidate for dissolving MINs material. It, however,
took 60—120 min for their needles to completely dissolve in the
skin, thus prolonging patch wearing time. As also pointed out by
the authors, patients would benefit from shorter application time
(13). Therefore, to increase MNs dissolution rate, we selected a
different, ultralow-molecular-weight HA (5.1 kDa) produced
from common HA by enzymatic degradation as the matrix
material. This ultralow molecular weight HA makes it possible
to minimize water content and obtain highly concentrated
aqueous solutions (as high as 50-60 wt%) due to its large
solubility. The high concentration solutions not only speed up
the drying process, but also make the obtained MNs rapidly
dissolve to release encapsulated drug within 2 min (Figs. 5¢ and
6), which is significantly faster than other developed dissolving
MNs. This rapidly-dissolvable property makes patients complete
the self~administration within several minutes, thus greatly
ameliorating their convenience and compliance.

On the other hand, high hydrophilicity of HA may nega-
tively affect the mechanical strength of dissolving MNs when
they are under high humidity environments, as reported by
other authors (13,25). MNs should have sufficient strength for
penetrating the skin without mechanical failure. Though the
morphology of MNs did not significantly change after
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incubated in different humidity conditions, the water contents
in MNs increased due to moisture absorption from the wet
environment, thereby softening the HA matrix and reducing
the MNs strength (Fig. 3b). These findings suggested that
dissolving MNs patches should be sealed into water-
impermeable packages to maintain their insertion ability be-
fore application. In addition to material composition, MNs
geometry also affects mechanical strength. Pyramidal MNs
were chosen in our study due to their superior mechanical
strength compared to conical counterparts. This attribute may
have to do with their larger cross-sectional area at the same
base dimension. Pyramidal MNs, unlike conical MNs, gener-
ated force-displacement curves with no discontinuity, indicat-
ing that dissolving MNs underwent a progressive compression
deformation (18,35).

In the MNs insertion capability studies, a home-made
spring-operated applicator was used to facilitate MNs pene-
tration by generating a high speed impact (Fig. 4). With the
aid of applicator, our fabricated MNs could be readily pene-
trated into the skin i vitro/ i vivo (Fig. 5). Histological sections
of pierced skin and confocal microscopy examination showed
that insertion depths were at least 280 pm, which
corresponded to penetration through the stratum corneum and
viable epidermis and into the superficial dermis. This
penetration depth was generally viewed as minimally
invasive and unlikely to induce pain (15,16). In addition, the
measurement of TEWL demonstrated that skin’s barrier
properties disrupted by dissolving MNs recovered within
10-12 h (Fig. 7), suggesting that the residual micropores in
the skin created by MNs puncture rapidly resealed and the
damage was reversible. Furthermore, long-term multiple ap-
plication of prepared MNs patches has shown a good i viwo
skin tolerability, indicating the high safety of the HA MNs.

A critical requirement for formulations of vulnerable
biotherapeutics is to preserve their functional integrity during
preparation and storage (18). We used a water-based, gentle
fabrication process that encapsulated fragile drug in a biocom-
patible matrix. This formulation limited sensitive biomolecules
in dried solid state, which may be more stable than a liquid
formulation (17,39). Storage stability studies showed that EXT-
loaded MNs patches were not substantially degraded after
storage at four different temperatures for a month, which
may help diminish the need for costly, inconvenient cold chain
storage (32,39). Long-term stability, however, should be further
evaluated, and incorporation of sugars such as sucrose or
trehalose and packaging in dry nitrogen atmosphere may
further improve their storage stability (16,21,39).

Lastly, the i vivo pharmacokinetics and hypoglycemic effi-
cacy of prepared MNs patches were investigated in SD rats
and diabetic mice, respectively. Consistent with the  vitro
dissolution studies in isolated porcine skins, EXT-loaded dis-
solving MNs also fully dissolved within 2 min after i viwo
insertion into rat or mouse skins (data not shown).

Transdermal delivery of EXT using dissolving MNs was
found to achieve a high RBA of 97% (Table II), suggesting
that encapsulated EXT released from MNs was almost
completely absorbed through the skin into the general circu-
lation. Hypoglycemic experiments also demonstrated that
fabricated MNs were equally effective to conventional SC
injections (Fig. 9), indicating that EXT retained its full activity
during the MNs fabrication and dissolution. Coonsequently,
our EXT dissolving MNs patch is an excellent alternative to
traditional injection, and this minimally invasive device might
also be suitable for other biotherapeutics. On the other hand,
we must admit that twice-daily treatment regimen is still
inconvenience and annoying for patients. Reduction of the
required administration frequency through, say, structure
modifications of EXT or adjustments of MNs formulation is
preferred, and this further improvement would be the main
aim of our future research.

CONCLUSIONS

This study seeks to assess the feasibility of transdermal delivery
of EXT using HA dissolving MNs patches for type 2 diabetes
mellitus therapy. The EXT preserved its functional integrity
during preparation and storage due to the mild fabrication
process. By choosing low-molecular-weight HA as the matrix
material, our fabricated MNs could rapidly dissolve to release
encapsulated drug within 2 min, thus significantly shortening
administration time. In addition, i vwo pharmacokinetics and
hypoglycemic effects studies showed that fabricated MNs were
equally effective to SC injections. Overall, though clinical
safety profile needs to be further evaluated, our rapidly dis-
solvable MINs patches would be a credible, painless alternative
to conventional SC injection, and may present a non-injected
option for other biotherapeutics.
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