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Abstract. Salmon calcitonin (sCT) is a polypeptide drug, possessing the ability to inhibit
osteoclast-mediated bone resorption. Just like other bioactive macromolecules, sCT is
generally administered to the patients by either injection for poor compliance or through
nasal spray for low bioavailability, which limits its use as therapeutic drugs. In the present
study, to overcome the limitations of the conventional routes, two new dissolving
microneedle arrays (DMNAs) based on transdermal sCT delivery systems were developed,
namely sCT-DMNA-1 (sCT/Dex/K90E) and sCT-DMNA-2 (sCT/Dex-Tre/K90E) with the
same dimension, meeting the requirements of suitable mechanical properties. An accurate
and reliable method was established to determine the needle drug loading proportion in sCT-
DMNAs. The stability study exhibited that the addition of trehalose could improve the
stability of sCT in DMNA under high temperature and humidity. Further, in vivo
pharmacodynamic study revealed that DMNA patch could significantly enhanced relative
bioavailability to approximately 70%, and the addition of trehalose was found to be
beneficial for sCT transdermal delivery. Therefore, sCT-DMNA is expected to replace
traditional dosage form, providing a secure, efficient, and low-pain therapeutic strategy for
bone disorders.

KEY WORDS: salmon calcitonin; dissolving microneedle array (DMNA); transdermal delivery; relative
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INTRODUCTION

Peptides and proteins have the advantages of high
specificity and safety as therapeutic agents for different
diseases (1). Unfortunately, their clinical applications are
limited by the existing delivery methods. One such agent is
salmon calcitonin (sCT) (2), an FDA-approved polypeptide
drug, primarily used for treating Paget’s disease, osteoporosis
(3), malignant hypercalcemia (4), and the pain of bone
metastasis (5). sCT can regulate the metabolism of calcium
and phosphorus and reduce the activity of osteoclast (6).
Moreover, it can minimize the loss of bone calcium and
stimulate the proliferation and differentiation of osteoblasts.
Additionally, it also possesses significant analgesic effect (2).

As a highly bioactive polypeptide molecule, sCT has a large
molecular weight with complex spatial configuration, and it is
prone to denaturation under the influence of temperature as
well as acids/bases. The activity of sCT mainly depends on its
spatial structure and amino acid sequence (7), a common
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characteristic of most biotechnological drugs, which indicates
that maintaining the structural stability is an primary guarantee
for the efficacy. To date, sCT is generally administered by
clinical injections. However, this administration frequently
causes large fluctuations of blood serum concentration level
that could lead to the adverse side effects (8).

In recent years, the non-injection drug delivery systems
administered through oral, transdermal, nasal, and rectal routes
have attracted great attention from the medical community (9).
Some polymer-based oral delivery systems of sCT have earlier
been tested in vivo, where the polymers can protect sCT from
the impact of the gastrointestinal pH environment for oral
delivery system. However, these systems either could not
improve the lower bioavailability of drug (10-12) or could cause
gastrointestinal symptoms (13), including abdominal cramps.

In this context, it is to be mentioned here that the only sCT
delivery system that has been successfully marketed is the nasal
formulation of sCT. Although the nasal delivery avoids the
impact of the adverse environment of the gastrointestinal tract,
the poor bioavailability of sCT could limit its curative effects.
Novartis Pharma Schweiz AG had produced nasal spray dosage
form of sCT which is unable to meet the needs of clinical
applications as it exhibited much lower bioavailability (approxi-
mately 3%) than that of injection (14). Moreover, the long-term
use of nasal sprays could cause severe epistaxis and nasal
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irritation (15). To enhance the nasal bioavailability of sCT,
Amaro et al. developed sCT-loaded nanoporous/nanoparticulate
microparticles (NPMPs). Even loaded with NPMPs, in vivo
pharmacokinetic study in rats showed that the nasal absolute
bioavailability of sCT was only 10.1 +1.37% (16). Therefore, it
becomes highly imperative to design a new sCT delivery system
with high bioavailability and biosafety, which could be adminis-
trated autonomously by patients. Herein, in the present study,
instead of injection and nasal routes, transdermal administration
has been proposed.

Tas et al. fabricated microneedles (MNs) with only five-
needle arrays from stainless steel sheets, where each MN was
730 um long, 180 um wide at the base, 50 pm in thickness, and
coated the surface of MNs with sCT to design the delivery
system sCT-MNs (17). The authors demonstrated that the
AUC (area under the curve) of sCT-MNs was not statistically
different from intravenous injection, suggesting that the use
of microneedle patch for sCT delivery could be a viable
alternative to injection of sCT and other peptides or protein
therapeutics. However, for this kind of sCT-MNs system, the
dosage is limited by the coating thickness and the adhesive
strength of coating to microneedle required to resist trans-
dermal repulsion. Moreover, the inner stainless MNs may not
only lead to skin allergy but also generate the sharp and
biohazardous waste needles after administration.

Till now, dissolving microneedles (DMNs) exert more
advantages for the delivery of peptide and protein drugs (18).
The delivery system can be prepared by simply mixing these
water-soluble and biodegradable materials with better me-
chanical properties into drug solution, such that the
microneedles can be totally dissolved and absorbed into the
skin with no biohazardous waste needles left after adminis-
tration. Furthermore, adequate drug loading can be achieved
by adjusting the number of microneedles arranged in a patch.

The present study specifically focuses on dissolving
microneedles array (DMNA) (19-21) for efficient transder-
mal delivery of sCT with higher therapeutic competence and
better patient compliance (22). Based on the previous
research (20) of optimizing the fabrication process of DMNA
with improved needle drug proportion, we have prepared two
formulations of sCT-dissolving microneedle array (sCT-
DMNA-1 and sCT-DMNA-2) and thoroughly investigated
their stability as well as in vivo bioavailability. We strongly
believe that the study provides the research basis for further
development of DMNs for other biotechnological drugs.

MATERIALS AND METHODS
Materials and Animals

sCT (purity >99.47%, My =3431.85) was purchased
from Kaijie Biotechnology Co., Ltd. (Chendu, China).
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Dextran-40 (Myw =40,000) and D-(+)-trehalose dihydrate
(purity >99%, M =378.33) were procured from Shanghai
Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). PVP K90 (Kollidon® 90F, My, =630,000) was ob-
tained from BASF SE (Ludwigshafen, Germany). o-
cresolphthalein complex one (OCPC) colorimetric assay
reagents and the other high-performance liquid chromatog-
raphy (HPLC) grade solvents were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China).

Tibetan pig skins were obtained from the Experimental
Animal Center of SunYat-sen University (Guangdong,
China). Female Sprague-Dawley (SD) rats (Guangdong,
China), weighing 180-220 g, were maintained under standard
conditions with a 12-h light/dark cycle in the Experimental
Animal Center of Sun Yat-sen University (Guangdong,
China) for in vivo studies. All operations were approved by
the Institutional Animal Care and Use Committee and were
in accordance with the National Institutes of Health guide-
lines for the care and use of laboratory animals.

Fabrication of Molds

The master mold of DMNA was designed and
manufactured by computer-aided micromilling technology. It
is a brass model with a square matrix of 100 microneedles,
shaped like a cone, and arranged in order of 10 x 10 arrays.
Each needle was 800 pm long, 300 um wide at the rounded
base with 900 um distances from the tip to tip. Polydimeth-
ylsiloxane (PDMS) monomer was mixed with the curing
agent at a ratio of 10:1 (w/w), followed by vacuum degassing
for 30 min. The mixture was then poured into the master
mold and cured at a constant temperature of 80°C for 2 h.
After cooling to room temperature, the PDMS female molds
were peeled out of the master mold. DMNAs were prepared
from PDMS female molds.

Preparation of sCT-DMNA

Table I demonstrates the formulations of Blank-DMNA
and sSCT-DMNAs (sCT-DMNA-1 and sCT-DMNA-2). Blank-
DMNA solution was prepared by dissolving 25 mg Dextran in
50 pL deionized (DI) water. While sCT-DMNA-1 solution
was prepared by mixing 2.5 mg sCT and 25 mg Dextran in
50 uL DI, sCT-DMNA-2 solution was prepared by dissolving
12.5 mg trehalose into the needle formulation of sSCT-DMNA-
1. The above solutions were stirred evenly and swelled
overnight to form the needle solutions. Fifty milligrams of
poly N-vinylpyrrolidone (PVP K90) was dissolved into 150 pL
ethanol and swelled overnight to prepare the base solution
(K90E). The delivery systems sCT-DMNAs were fabricated
by the optimized two-step molding process in the previous

Table I. Formulations of Blank-DMNA and sCT-DMNAs

Formulation sCT (mg) Dextran 40 (mg) Trehalose (mg) H,O (pL) K90E (nL)
Blank-DMNA - 25 - 50 150
sCT-DMNA-1 2.5 25 - 50 150
sCT-DMNA-2 2.5 25 12.5 50 150
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research (20). An appropriate amount of sCT-DMNA-1/sCT-
DMNA-2 solution was added onto the surface of PDMS
female mold and centrifuged at 3000xg force for 10 min to
make the solution enter into the micropores of the mold. The
residual solution was then scraped off from the surface of the
PDMS mold, and the drug-free solution, K90E, was casted
onto the female mold, followed by centrifugation at 3000xg
for another 5 min. After drying inside a desiccator at room
temperature for 24 h, the sSCT-DMNAs were stripped from
the mold.

The micrographs of sCT-DMNAs were obtained
employing a field emission scanning electron microscope
(SEM) (JSM-6330F, Jeol, Tokyo, Japan) and an electron
microscope (MP41, Mingmei, Guangdong, China).

Insertion Test of sSCT-DMNAs in Pig Skin

The mechanical strength of sCT-DMNAs was evaluated
by a texture analyzer (CT3, Brookfield, USA). The preserved
frozen pig skins were thawed in normal saline and balanced
for 30 min before wiping dry for the test. A piece of sCT-
DMNA was fixed on the cylindrical probe of the texture
analyzer; the probe was programmed to move straight to the
stainless platform at the speed of 2 mm/s. As the microneedle
touched the cuticle of the skin, the probe can detect the
pressure change, then slowed down, and completely stopped
till the pressure rose to 10 N (0.1 N/n), followed by holding
for 30 s. After the probe moved away from the stainless
platform, the skin was immediately dyed on the surface with
0.4% trypan blue solution for 10 min. The stain was then
wiped off the surface, and the stained holes on the skin were
counted to evaluate the cuticular penetration of sCT-
DMNAS.

Needle Drug Loading Proportion in sCT-DMNAs

The loading amount of sCT in sCI-DMNAs was
determined by HPLC (23) (LC-20AT binary pump, SPD-
20A ultraviolet detector, SIL-20A autosampler, CBM-10A
VP Plus detector, Shimadzu, Kyoto, Japan), employing a
Jupiter 5u C18 column (250 x 4.6 mm i.d., 5 pm particle size,
Phenomenex, Torrance, USA) at 220 nm. The needle and
base part of sCT-DMNAs were separated with a surgical
blade and dissolved in 1 mL PBS solution, which was
prepared by mixing 0.87 g dipotassium hydrogen phosphate
and 8.34 g potassium dihydrogen phosphate in 1000 mL
ultrapure water. The mobile phases, containing
tetramethylammonium hydroxide (A) and acetonitrile (B),
were analyzed by dual gradient elution at the flow rate of
1 mL/min as shown in Table II. The column temperature was
30°C and the injection volume was 100 pL. The needle drug

Table II. Time Program of Dual Gradient Elution

Time (min) Mobile phase A (%) Mobile phase B (%)
0 72 28
15 63 37
17 72 28
30 72 28
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loading proportion (NDP) was obtained from the amount of
drug in the needle part (M,,) and the amount in the base part
(My). Tt was calculated by Eq. (1):

Stability of sCT-DMNAs

The stability study was performed by storing as-prepared
sCT-DMNA-1, sCT-DMNA-2, and 50 g/mL sCT solution in
the following four conditions: (a) low temperature with low
humidity 4°C, 10% humidity (placed in a dryer inside a 4°C
refrigerator); (b) room temperature with low humidity 25°C,
10% humidity (placed in a dryer at room temperature); (c)
high temperature with low humidity 40°C, 10% humidity
(placed in a drying oven at 40°C); (d) room temperature with
high humidity 25°C, 55% humidity (placed in a drying vessel
with high humidity at room temperature). The last environ-
mental condition of high humidity was set by pouring
supersaturated solution of silver nitrate at the bottom of the
drying vessel, with sealing the drying vessel and the lid with
Vaseline. After that, the drying vessel was placed at room
temperature for 24 h and balanced to prepare 54.38 +0.23%
relative humidity environment.

After 2 months of storage, sCT solution and sCT-
DMNAs were taken out from the four environments for
determining the sCT content by the method described in
section 2.5.

In vivo Pharmacodynamics of sCT in Rats

Rats Hypocalcemic Test

To conduct hypocalcemic test, 52 female SD rats
weighing 180-220 g were randomly assigned to seven groups
after quarantined for 3 days. The control group (group 1) was
only given jugular intubation, without any treatment. For the
intravenous (IV) injection group (group 2), 0.2 mL sCT
solution (100 pg/mL) was administered to the rats through
neck vein injection. The subcutaneous injection group (group
3) was administered 0.2 mL sCT solution (100 pg/mL)
through subcutaneous (SC) injection to alar skin. For the
gels group (group 4), sCT-gel was daubed on the depilated
area (2 cm x2 cm) of abdominal skin, followed by covering
with plastic wrap (Fig. 1b). The Blank-DMNA and sCT-
DMNAs (groups 5-7) were administrated to the rats by the
same operator on the inner side of the rat ears for 2 min with
the same manual force, followed by holding in place for 2 h
using special stainless steel clips (Fig. 1a). The treatment
group (24-26) and the dosage are shown in Table III.

The animals were intraperitoneally injected with urethane
solution (20%, w/v) at a dose of 0.6 mL/100 g for general
anesthesia. The blood was then extracted by jugular vein
catheterization (27). Samples of 200 uL blood were collected
prior to administration of treatments as well as after administra-
tion of treatments at different time points (5, 15, 30, 45, 60, 90,
120, 180, 240, 360, 480, and 720 min). After keeping untouched
for 1 h, the samples were centrifuged at 7000 rpm for 7 min to
obtain the serum for analysis.
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Fig. 1. Administration of DMNA (a) and sCT-gel on rats (b)

Serum Calcium Determination

Serum calcium concentration in plasma was determined by
OCPC colorimetry (28). To conduct the assay, 8-
hydroxyquinoline with final concentration of 2.2 mg/mL was
added to the OCPC solution for eliminating the interference of
magnesium ions in the samples (29). OCPC solution,
diethylamine solution, and methanol were mixed at a ratio of
15:15:10 (v/v/v) to prepare calcium ion-chromogenic reagent
prior to use.

The blank tube, standard tubes, and the sample tubes
(obtained from “Rats Hypocalcemic Test”) were prepared
according to the procedure of Table IV. After placing for
5 min, the absorbance of OCPC complex was measured at
570 nm making the absorbance of the blank tube zero, using a
dual beam UV-Visible spectrophotometer (TU-1901, Purkinje
General Instrument Co., Beijing, China). The serum calcium
concentration was obtained from the standard curve which
was drawn by the concentration of standard solutions and
their corresponding absorbances.

Data Processing and Pharmacodynamic Calculation
The serum calcium concentration of rats before treat-
ment was used as the benchmark (100%), and the serum

calcium relative concentration (F) at each point of time after
treatment was calculated by the following Eq. (2):

Table III. The Treatment Group of Rats and the Dosage in Terms of

sCT
Group Number Treatment sCT dosage (pg)
1 7 Control -
2 7 v 20
3 7 SC 20
4 7 sCT-gel 40
5 8 Blank-DMNA -
6 8 sCT-DMNA-1 ~41.31
7 8 sCT-DMNA-2 ~39.56

F (%) =Sy 100% 2)
Co

where C; represents the serum calcium concentration at the
time of point i and C, represents the serum calcium
concentration before treatment. The serum calcium relative
concentration-time curve was plotted with F(%) vs. the time
point. The trapezoidal method (30) was used to calculate the
area under concentration-time curve (AUC) of serum cal-
cium, as shown in Eq. (3):

2(Ti—Ti) ;< (Fie1 + F) 3)

AUC =

where 7; and F; represent the time value and the percentage
value of serum calcium relative concentration corresponding to
the i-th blood sampling point, respectively. AUC is the sum of the
trapezoidal areas formed of all adjacent points and the X-axis.

Hypocalcemic effect (D) and relative bioavailability (PA)
were calculated by the following Egs. (4) and (5),
respectively.

_ AUC—AUC,

D (%) = AUC x 100% (4)
C
Dy x Doseg.
o, _ X 7~ TEPMse o,
PA (%) = Do % Dose, x 100% 9)

Table IV. Determination Procedure of Serum Calcium

Adding material Blank tube Standard tube Sample tube
Ca* standard solution - 50 pL -

Serum - - 50 uL
Purified water 100 puL 50 pLL 50 uL
Chromogenic reagent 4 mL 4 mL 4 mL
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where AUC is the AUC value of each agent and the positive
control and AUC, is the AUC value of the negative control
corresponding to AUC preparation. Dy and Dosey represent
the hypocalcemic effect and dose of sSCT-DMNA and sCT-gel,
respectively. D, and Dose. refer to the hypocalcemic effect
and dose of sCT-solution (SC), respectively.

Statistical Analysis

The results were presented as mean + standard deviation
between values were analyzed using SPSS Statistics 22.0
(IBM, New York, USA) for windows 7. The values of
individual groups were operated by Student’s ¢ test for
comparison. The difference was regarded statistically signif-
icant if p <0.05.

RESULTS
Analytical Characterization of sCT-DMNA

The SEM (Fig. 2a) and electron micrographs (Fig. 2b) of
sCT-DMNA are shown in Fig. 2. The micrographs observed
under SEM and electron microscope clearly demonstrate that
the two kinds of sCT-DMNAs possess the neat shape and are
in good agreement with that of the mold.

The mechanical properties of sCT-DMNA-1 and sCT-
DMNA-2 were examined in vitro using pig skin. Three
samples were detected for both sCT-DMNA-1 and sCT-
DMNA-2. The results exhibited that the sSCT-DMNAs could
achieve more than 95% cuticular penetration (Fig. 3).

Drug Loading and NDP of sCT-DMNAs

The drug loading amount of sCT-DMNA-1 patch was
48.06 = 6.08 pg, and the effective drug loading of the needle
part was about 41.31 pg, with the NDP 85.96%. The total
drug loading of sCT-DMNA-2 (containing trehalose) patch
was 46.10+5.46 pg, and the effective drug loading of the
needle part was approximately 39.56 pg, with the NDP
85.81%. From the above results, it can be comprehended
that the stabilizer trehalose had no significant effect (p > 0.05)
on the drug loading and NDP of sCT-DMNA.

Stability Study of sSCT-DMNAs

The initial drug loading in sCT-DMNAs and the drug
loading after 2 months of storage at different environmental
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conditions are shown in Fig. 4. While no sCT was detected in
the sCT solution under the four conditions after 2 months of
storage, sCT was detected in sCT-DMNAs samples under the
above four conditions. The result indicates that the stability of
sCT encapsulated in DMNAs was much better as compared
with free sCT in solution, and the preparation of sSCT-DMNA
was conducive to the stability of polypeptide drug sCT.

For sCT-DMNA-1, the concentration of sCT in patch did
not decrease significantly after 2 months of storage at room
temperature with low humidity. Although the concentration
of sCT was decreased at low temperature with low humidity,
there was no statistical difference with the initial drug
loading. Therefore, it can be stated that these two conditions
were suitable for the storage of sCT-DMNA-1 patch, and
room temperature with low humidity is more favorable.
Contrastingly, at the storage conditions of room temperature
with high humidity and high temperature with low humidity,
the drug loadings of sCT-DMNA-1 were drastically reduced
(even lower than 60% of the initial drug loading), with
statistically significant difference (p < 0.05). The above results
demonstrate that the temperature and humidity are the main
factors that could hamper the stability of sSCT-DMNA-1.

The sCT-DMNA-2 patch, containing trehalose (Tre) in
the excipients, was stored under four conditions as well. After
2 months of storage, there was no statistical difference in the
change of drug loading. At room temperature with low
humidity and at low temperature with low humidity, the drug
loading did not decrease significantly, confirming again that
these two conditions are suitable for the storage of sCT-
DMNAs. Moreover, at room temperature with high humidity
and high temperature with low humidity, the drug loadings of
sCI-DMNA-2 were only slightly decreased, in comparison
with those of sCT-DMNA-1 which were drastically reduced,
the differences were statistically significant (p < 0.05), indicat-
ing that the trehalose could enhance the chemical stability of
sCT encapsulated in DMNA.

In vivo Pharmacodynamics

Two negative controls (group 1 and group 5) were set for
the pharmacodynamic study. The control group without any
treatment (group 1) was used to compare with other groups
to eliminate the possible influence of jugular vein intubation
on blood calcium level. On the other hand, the blank
microneedle group (group 5) was compared with the
microneedle administration groups to eradicate the possible
effect of microneedle insertion and dissolution of microneedle
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a

Fig. 3. Skin penetration of sSCT-DMNA-1 (a) and sCT-DMNA-2 (b)

excipients on blood calcium level. Intravenous injection (IV,
group 2) and subcutaneous injection (SC, group 3) of sCT
solution were used as positive control groups.

Relative Serum Calcium Concentration in Rats vs. Time Curve

The profiles of relative serum calcium concentration with
time for control groups are shown in Fig. 5a. The two curves
of the negative control groups were relatively close, with no
statistical difference, suggesting that microneedle insertion
and excipients had little effect on blood calcium level of rats.
The serum calcium relative concentrations (F%) of both the
curves were reduced slightly within the first 1 h, followed by
gradual recovery and finally maintained at the baseline level.
The results indicate that jugular intubation could lead to a
brief drop of serum calcium concentration in rats and the
effect can be basically eliminated within 2 h. The respective
curves of two positive control groups (IV and SC) had a good
coincidence degree with each other, and the serum calcium
levels of the groups were decreased very fast up to first 3 h
and then remained at a lower level with significant difference
(» <0.05) to the curves of the negative control groups. The
results altogether demonstrate that the efficacy of SC
injection was similar to that of IV injection, both of which
had significant effect of hypocalcemia. Moreover, the minor
effect of serum calcium from jugular intubation did not affect
the overall outcome of the experiment.

e # e
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S E RT, 10%RH
> 40- ' 4°C, 10%RH
3 B RT, 55%RH
o 40°C, 10%RH
o 201 .
e
0 %% Z
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Fig. 4. The change of drug loading after 2-month storage of sCT-
DMNAs at four different environmental conditions. The data are
represented as the mean of independent experiments, with the
vertical bars indicating the standard deviation (n=3). *p <0.05 vs.
the initial drug loading of sSCT-DMNA-1. *p <0.05 vs. the same group
of sSCT-DMNA-1
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The respective curve of gel group was found in between
the curves of Control group (negative control group) and SC
group (positive control group), as shown in Fig. 5b. The curve
of gel group was relatively close to that of the negative
control group, and there was no statistical difference among
the corresponding points (p > 0.05). However, the curve of gel
group was far apart from the curve of positive control group
and there was a statistically significant difference (p <0.05) at
each point after 3 h time points, indicating that the efficacy of
sCT-gel administration to the rats was not significant.

As shown in Fig. 5c, the respective curves of SCT-DMNA-1
and sCT-DMNA-2 groups had a good coincidence degree with
the curve of SC group (the positive control group), with no
statistical difference at all the points (p > 0.05). It can be inferred
here that the pharmacodynamic difference between sCT-
DMNAs and SC groups could not be distinguished only from
the curve. However, it can be stated that sCT-DMNAs had
significant hypocalcemic effect (p <0.05) as compared with the
Blank-DMNA group.

Hypocalcemic Effects and Relative Bioavailability

The hypocalcemic effects and pharmacologically relative
bioavailability of each experimental group were calculated
according to relevant formulas and are shown in Table V. The
dose of sSCT-DMNAs in the table was the actual release dose
calculated by the initial dose minus the residual dose in the
sCT-DMNAs patch after administration.

According to the results in Table V, the hypocalcemic
effects (D%) of two positive control groups IV and SC were
similar, which is consistent with the results of Fig. 5a, further
suggesting that similar hypocalcemic effect could be achieved by
SC and IV routes of sCT administration. The hypocalcemic
effects of sSCI-DMNAs were close to that of the positive control
groups, and the relative bioavailabilities of pharmacology
(PA%) for both the sCT-DMNA-1 and sCT-DMNA-2 were
approximately 70%, suggesting that sSCI-DMNAs had the ideal
hypocalcemic effect and higher relative bioavailability. The
hypocalcemic effect (D%) of the gel group was significantly
lower than that of the positive control groups and sCT-DMNAs
groups (p <0.01), with relative bioavailability (PA %) only 11%,
which was approximately one-sixth times less than that of sCT-
DMNA-2. The results indicate that DMNA could significantly
improve the therapeutic effects of polypeptide drug sCT in
comparison with the conventional transdermal delivery system
(gel patch).



AAPS PharmSciTech (2021) 22:1
a
__ 110
3 Control
:E: 100 \Vi
S 90 sc
3 Blank-DMNA
£ 80
2
g 70
I
8 60
[11]

5cI T T T T T T

0 120 240 360 480 600 720
T(min)

b
__110
3 -e- Control
TE’ 100 -+ SC
E 90 - sCT-gel
1]
o
£ 80
4
g 70
K
8 60
[11]

5cl T T T T T T

0 120 240 360 480 600 720
T(min)

C

110
9 -+ SC
£ 100 -~ Blank-DMNA
3 o0 -~ sCT-DMNA-1
3 -=- sCT-DMNA-2
£ 80
2
g 70
B
8 60
@ 50+

0 150 2:10 3('50 4EI50 6(I)0 750
T(min)

Fig. 5. Relative blood serum calcium concentration vs. time profiles
after administration of different treatments. Statistical significance for
comparison of individual groups was determined by Student’s ¢ test. a
The profiles for control groups (negative control: control and Blank-
DMNA, positive control: IV injection and SC injection of sCT). *p <
0.05 vs. the curves of the negative control groups at each point after
3 h time points. b Serum calcium concentration after administration
of sCT-gel (negative control: Control, positive control: SC injection of
sCT). *p <0.05 vs. the curve of sCT-gel group at each point after 3 h
time points. ¢ Serum calcium concentration after administration of
sCT-DMNAs (negative control: Blank-DMNA, positive control: SC
injection of sCT). *p <0.05 vs. the curve of Blank-DMNA group at
each point after 3 h time points

The initial drug loading of sCT-DMNA-2 (initial drug
loading 39.6 pg, release dose 30.0 pg), containing the stabilizer
trehalose, was found to be slightly lower as compared with that
of sSCT-DMNA-1 (initial drug loading 41.3 pg, release dose
27.5 pg). On the other hand, the actual release dose, corre-
sponding hypocalcemic effect, and relative bioavailability of
sCT-DMNA-2 were higher than that of sCT-DMNA-1. The
results indicate that the presence of trehalose in the sSCI-DMNA
could improve the transdermal release of sCT leading to obtain
higher hypocalcemic effect.
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DISCUSSION

Effective Distribution of sCT in sCT-DMNAs

During the preparation and solidification process of sCT-
DMNAs, the drug, encapsulated in the needle portion
diffusing (31,32) to the base, directly leads to the reduction
of NDP. In our previous report (20), the factors affecting the
NDP of the drug-containing DMNA were thoroughly inves-
tigated. The solvent evaporation from the base solution was
found to be the key factor to suppress the drug diffusion from
the needle to the base. It was observed that the drug diffusion
rate was dramatically reduced due to the rapid evaporation of
ethanol, which resulted in a sharp increase in the viscosity of
the base layer. In the present study, DI water was used as the
needle solvent and highly volatile ethanol as the base solvent
for two-step injection in mold, followed by rapid drying
process, leading to significantly increase in the NDP of sCT-
DMNAs. The NDPs of sCT-DMNA-1 and sCT-DMNA-2
were 85.96% and 85.81%, respectively.

Improvement in Stability and Hypocalcemia Effect

In order to increase the stability of the peptide in the
microneedles, we considered addition of trehalose to the
excipients. Trehalose is a reductive disaccharide that consists
of two glucose units linked by an «, a-(1 — 1)-linkage. Trehalose
is found in natural organisms, where it can not only replace
water molecules by forming hydrogen bonds with polar residues
of lipid and/or protein molecules (water substitution hypothesis)
(33,34) but also act as a protector against various stress
conditions including freeze, osmotic stress, oxidation, and
changes in temperature (35).

The spatial structure of peptides and proteins is primarily
maintained by secondary bonds such as hydrogen bonds. At
adverse conditions including high temperature and humidity,
the secondary bonds can be destroyed and the polypeptide is
unfolded. The hydrophobic groups originally in the interior of
molecules are largely exposed to the molecular surface
(36,37). Fortunately, the presence of trehalose as a chemical
chaperone stabilizes the denatured peptides and facilitates
their refolding in vivo and in vitro (38-40). Therefore,
trehalose as a part of the needle excipients could make sCT-
DMNA-2 still maintain a good stability after being stored in
adverse environmental conditions of high temperature and
high humidity for 2 months; as shown in Fig. 4, the effective
concentration of sCT in sCI-DMNA-2 did not decrease
significantly as compared with the initial concentration,
whereas its values were significantly different (p <0.05) from
that of sCT-DMNA-1 group (without trehalose) with the drug
loadings reducing less than 60%.

In vivo pharmacodynamic study demonstrates that the
hypocalcemic effect for sSCI-DMNA-2 was slightly higher than
that of sSCT-DMNA-1, which was consistent with their release
dose, while the initial drug loading of sSCT-DMNA-2 (initial drug
loading 39.6 pg, release dose 30.0 pg), containing trehalose, was
slightly lower as compared with that of SCT-DMNA-1 (initial
drug loading 41.3 ng, release dose 27.5 ug), as shown in Table V.
This result indicates that trehalose can improve the hypocalcemia
effect of sCT. The reason may be that the existence of trehalose
accelerates the needle dissolution speed of sSCT-DMNA-2 when
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Table V. Hypocalcemic Effects and Pharmacologically Relative Bioavailability of Each Group

Group AUC Dosage (ug) D (%) PA (%)
Control 68,373.6 + 3770.6 - - -
v 55,280.5 + 2241.3 20.0 19.1+£33 -
SC 55,023.9 + 1557.0 20.0 19.5+2.3 -
sCT-gel 65,394.0 + 2301.8 40.0 43+34 11.3+6.2
Blank-DMNA 66,044.0 + 4821.5 - - -
sCT-DMNA-1 55,553.3 + 3250.6 275+37 18.8+4.8 71.2+18.1
sCT-DMNA-2 53,983.1 + 3388.4 30.0+3.5 21.0+5.0 733+173

Results are presented as mean =+ standard deviation

the microneedles penetrated the epidermis, thus improving the
drug release amount, due to the high hydrophilicity (41) of
trehalose (solubility in water: trehalose = 689 mg/mL, dextran =
50 mg/mL, 20°C).

CONCLUSION

To investigate the feasibility and in vivo pharmacological
activity of DMNA patches for non-injection administration of
biomacromolecule drugs, two formulations of sCT-DMNA
patches (sSCT-DMNA-1 and sCT-DMNA-2) were prepared.
The results demonstrated that the mechanical properties and
the drug distributions of the DMNA patches met all the
requirements for transdermal administration. In vivo phar-
macodynamics further confirmed that sCT-DMNAs could
achieve similar hypocalcemic effects to subcutaneous injec-
tion of sCT and significantly enhance the relative bioavail-
ability of drug as compared with the conventional
transdermal delivery system sCT-gels. Comparing the results
of the two sCT-DMNA formulations, it was observed that
sCT-DMNA-2 containing trehalose was more conducive to
the stability and transdermal delivery of sCT. In conclusion,
we strongly believe that the sCT-DMNA patches could be
employed for the efficient delivery of sCT for the treatment
of bone disorders in near future.
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