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ABSTRACT

Finasteride (FND) is a competitive inhibitor of 5a-reductase, an enzyme involved in benign prostatic hyperplasia
(BPH) and androgenic alopecia. FND is administered in oral, often lifelong treatments, increasing the pill burden
of polymedicated patients. Microneedle array patches (MAPs) are minimally invasive devices that painlessly
pierce the outermost layers of the skin, forming slowly-dissolving drug depots in the dermis, which can release
drugs over weeks or months, making this platform an attractive, patient-friendly option for long-term treatments.
This work describes the development of long-acting dissolving and implantable PLGA MAPs aimed for systemic
release of FND for at least two weeks. Mechanically strong tip-loaded MAPs with pyramidal geometry were
obtained using micromoulding methodology. In vitro studies revealed that the dissolving and implantable MAPs
were able to release the drug for over 7 and 14 days, respectively. Skin deposition experiments in Franz cells
demonstrated that after 24 h, dissolving and implantable MAPs were able to deposit 629.00 + 214.54 pg and
1861.64 + 383.30 pg of FND in the skin, respectively. On the other hand, transdermal permeation studies
showed that both formulations produced a slow release of the drug to the receptor compartment of the Franz
cells, with dissolving and implantable MAPs releasing 90.43 + 6.20 pg and 27.80 + 3.94 pg of FND after 24 h.
The formulations described here could be an alternative to current oral treatments, having the potential to

deliver the drug for extended periods, simplifying the treatment of BPH and androgenic alopecia.

1. Introduction

Finasteride (FND) is a competitive inhibitor of 5a-reductase, an
enzyme that causes a decrease in serum dihydrotestosterone concen-
trations, a hormone heavily involved in benign prostatic hyperplasia
(BPH) and androgenic alopecia (Gormley et al., 1992). FND is currently
approved at an oral dose of 1 mg/day for the treatment of androgenic
alopecia and 5 mg/day for the relief of symptoms as well as progression
prevention of BPH (D’Amico and Roehrborn, 2007; Gormley et al.,
1992). Moreover, long-term clinical studies have shown that FND has a
preventive effect on the development of prostate cancer (Goodman
et al.,, 2019; Thompson et al., 2003). FND is prescribed in long-term,
often lifelong treatments, contributing to the increase of the pill
burden of patients with chronic diseases (Chiu et al., 2009; Claborn
et al.,, 2015). Furthermore, only 63% of the drug is absorbed in the
gastrointestinal tract (Steiner, 1996), and patients under oral treatment

with FND might present side effects such as depression, loss of libido,
and erectile dysfunction (NHS, 2020). Consequently, and aiming to
optimize the delivery of the drug, several topical formulations have been
developed based on chemical enhancers (Rao et al., 2008), liposomes
(Kumar et al., 2007; Tabbakhian et al., 2006), polymeric nanoparticles
(Ahmed, 2016; Pervaiz et al., 2020; Roque et al., 2017), PLGA micro-
spheres (Kim et al., 2019) and microemulsions (Soleymani and Salimi,
2019). However, these approaches have shown limited success due of
their low drug loading capacity and the need for continuous and long-
term application on the skin, which also reflects in the fact that none
of these formulations have reached the market. In this context, the
development of novel formulations that can be administered in an easy,
non-invasive manner to the skin, delivering the active agent systemi-
cally for weeks after a single application is an interesting proposition.
Microneedle array patches (MAPs) consist of a baseplate from which
multiple and regularly interspaced micro-projections (microneedles,
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MNs) protrude (Paredes et al., 2020b). These MNs are able to pierce the
stratum corneum, localising their drug cargo in the viable layers of the
skin, from where the active agent can diffuse into the skin microcircu-
lation, facilitating systemic distribution (Paredes et al., 2020b; Permana
et al., 2020). Moreover, MAPs can be self-applied without causing pain
or drawing blood, making this platform an attractive alternative to
injectable treatments (Donnelly and Larraneta, 2018). Even though
MAPs were initially designed for the administration of vaccines and
small molecules with low doses and high potency, the delivery of a wider
variety of drugs continues to gain momentum (Paredes et al., 2020b;
Yang et al., 2019). Crucially, MAPs have the ability to deliver medica-
tions for weeks or months after short wearing periods, potentially
leading to enhanced treatment adherence and patient compliance,
which constitutes a significant advantage in comparison to oral formu-
lations that require daily administration (Chen et al., 2020; Vora et al.,
2021). In particular, dissolving/bioresorbable MAPs are among the most
promising strategies for long-acting release since they are made of
polymers that dissolve or slowly degrade in the skin, exposing a drug
depot to subsequent gradual dissolution in the fluids of the dermis
(Paredes et al., 2021). The release of the drug from a MAP will largely
depend on the physicochemical properties of active substance, although
it can be modulated by varying the concentration and the nature of the
polymers used to fabricate the MNs (Larraneta et al., 2016; Van Der
Maaden et al., 2012). A large variety of natural and synthetic polymers
have been used to manufacture MAPs, such as polyvinyl alcohol (PVA),
polyvinyl pyrrolidone (PVP), polylactic acid (PLA), poly(lactic-co-
glycolic) acid (PLGA), Gantrez® and hyaluronic acid, among others
(Larraneta et al., 2016; Lee et al., 2008). A previous report describing a
powder-carrying microneedle-based formulation for local delivery of
FND, demonstrated the potential of the system to promote hair growth
in mice (S. Kim et al., 2019). However, these patches must be applied in
large areas of the scalp every three days, with hair growth possibly
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impeding correct MN insertion.

In this work, we describe for the first time the formulation of dis-
solving PVP/PVA, and implantable PLGA MAPs that could be applied in
the arm, for instance, and release the drug systemically for at least two
weeks (Fig. 1). The systems were characterised both in terms of their
physiochemical and mechanical properties. The insertion of the MNs
was evaluated using optical coherence tomography (OCT) and in vitro
drug release assayed using dialysis membranes. Finally, Franz cells were
used to analyse the skin deposition and transdermal drug delivery in
excised full-thickness neonatal porcine skin.

2. Materials and methods
2.1. Materials

Finasteride of > 99.5% purity was obtained from Beijing Bocai
Pharma Tech (Suzhou, China). Polyvinylpyrrolidone (PVP K29-32; and
K90) was purchased from Ashland (Kidderminster, UK). Poly(vinyl
alcohol) (PVA 9-10 kDa), Poloxamer 188 (Kolliphor® P188), tri-
fluoroacetic acid (TFA), acetonitrile (ACN), methanol (MeOH) and
dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich
(Dorset, UK). Poly(D,L-lactide-co-glycolide) (PLGA) with a lactide:gly-
colide ratio of 75:25 and ester end, Viatel® DLG 7503 E, was kindly
gifted by Ashland (Kidderminster, UK). Phosphate buffered saline (PBS)
tablets were obtained from Oxoid Ltd, Thermo Fischer Scientific, Mas-
sachusetts, USA. In all cases, Elga purified water was used (Purelab
option, Elga LabWater, High Wycombe, UK). All other chemicals used in
this work were of analytical grade.

2.2. Manufacture of dissolving and implantable MAPs

Tip loaded FND MAPs were prepared using silicone moulds with
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Fig. 1. Chemical structure of finasteride and description of the proposed long-acting release MAPs.
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pyramidal needles of 850 pm height (600 pm pyramidal tip, 250 pm base
column), a needle density of 16 x 16 (in 0.5 cmz), 300 pm width at the
base and 300 pm interspacing. A mixture of PVP and PVA was used to
make a suspension with FND incorporated. The first layer (MNs layer) of
the dissolving MAPs was prepared by mixing 0.84 g of FND, 1.2 g of a
blend containing 40% w/w PVP and PVA at a mass ratio 1:1, and 1 ml of
water in a DAC 150 FVZ SpeedMixer™ (High Wycombe, England) at a
3775 g for 10 min. The first layer of the implantable MAPs was prepared
by dissolving 0.3 g of PLGA in 0.5 ml of DMSO and adding 0.2 g of FND.
The sample was homogenised using the SpeedMixer™ at 5000 rpm for 6
min. Dissolving and implantable blends were separately poured in
excess on top of the silicone moulds and placed in a pressure chamber for
2.5 min at 5 bar to facilitate the filling of MN cavities. Afterward, the
first layer excess was carefully removed using a spatula, and a holder
ring was attached to the silicone moulds using PVA 40% w/w as glue.
The baseplate, composed of 850 pul of PVP K90 30% w/w in water, was
added into the ring holder and centrifuged at 3,500 rpm for 15 min. The
MAPs were left to dry for 1.5 days at ambient conditions, separated from
the ring and excess polymer at the baseplate edge removed using scis-
sors. The fabrication process is illustrated in Fig. 2a. MAPs were
examined visually using a Leica EZ4W stereomicroscope (Leica Micro-
systems, Milton Keynes, UK) and a VHX digital microscope (Keyence,
Ltd, Milton Keynes, UK).

2.3. Physical testing and insertion of MAPs

Mechanical strength and insertion studies were carried out on the
MAPs using a TA.XT2 Texture Analyser (Stable Micro Systems., Ltd.,
Haslemere, UK) as illustrated in Fig. 2b. The apparatus was set in
compression mode, applying a force of 32 N for 30 s vertically at a
downward speed of 1.19 mm/s, representing the average human force
applied during MAPs application as shown in past studies (Larraneta
et al., 2014). MNs height reduction was tested using the same experi-
mental setup, vertically compressing the MAPs against a solid flat
aluminium surface, where the height of the MNs were measured before
and after compression using a microscope. The experiments were carried
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out in six MAPs (n = 6) and the results expressed in terms of percentage
height reduction. Insertion studies were carried out using Parafilm M®
(Bemis Company Inc., Soigneis, Belgium) as a skin simulant model, cut
to form eight layers that were stacked one on top of the other. This
method has previously shown good correlation with results obtained
from skin studies (Larraneta et al., 2014). Insertion studies were per-
formed using six MAPs (n = 6), with insertion quantified by counting the
number of perforations in each layer when separated. Individual layers
were examined under a Leica EZ4W stereomicroscope using two polar-
izer filters.

2.4. Determination of FND in whole MAPs, MN tips and baseplates

Drug content analysis was carried out to determine the amount of
FND in whole MAPs, and the drug distribution between the MN tips and
the baseplates. For whole MAPs, each patch was placed in 5 ml of
deionised water and magnetically stirred for 15 min, 5 ml of methanol
were added, and further agitation applied for 15 min. Afterward, a 100
pl aliquot was taken and diluted with 900 pl of acetonitrile in order to
precipitate the hydrophilic polymers PVP and PVA. To assess the drug
distribution between MN tips and baseplates, the MN tips were carefully
separated from the baseplates using a scalpel and collected in a 12 ml
glass vial. The baseplates and MN tips of each patch were treated with
the same extraction protocol used for entire MAPs, with the exception of
the implantable MN tips, which were also sonicated for 30 min at room
temperature to ensure total extraction of the drug. Centrifugation at
14,000 rpm for 15 min was applied in all samples before drug quanti-
fication using the method described in section 2.5. Whole MAPs, MN tips
and baseplates of dissolving and implantable MAPs were analysed by
triplicate.

2.5. HPLC analysis of FND
Analysis of FND was carried out using a reverse-phase high-perfor-

mance liquid chromatography (RP-HPLC). Analysis was performed on
an Agilent 1220 Infinity LC System (Agilent Technologies UK Ltd.,
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Fig. 2. Manufacture and characterisation of dissolving and implantable FND MAPs. a- casting method used to prepare the dissolving and implantable MAPs. b-
mechanical characterisation of MAPs using a texturometer. c- Skin studies in using Franz cells.
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Stockport, UK) with a Zorbax Eclipse® XDB-C18 column (4.6 x 50 mm,
1.8 um; Agilent Technologies, Santa Clara, United States) and UV
detection at 210 nm. The column temperature was maintained at 25°C.
Following a number of iterations, suitable chromatographic separation
was achieved using a mobile phase consisting of 60% ACN and 40% TFA
0.1% v/v at flow rate was 0.5 ml/min and an injection volume of 25 pl.
Calibration curves were obtained in a concentration range of 0.1 to 100
pg/ml with a correlation level (r?) of 1. The limit of detection (LoD) was
0.95 pg/ml and limit of quantification (LoQ) was 2.89 pg/ml. The
method was highly selective for FND when it was extracted from MAPs
and skin. The full linearity, accuracy and precision data can be found in
Figure S1 and Tables S1-3 in the supplementary material.

2.6. Fourier transform infrared spectroscopy (FTIR)

Scans were performed using an FTIR (Fourier Transform Infrared
Spectroscopy) Accutrac FT/IR-4100 Series (Jasco, Essex, UK) equipped
with Diamond MIRacle™ ATR, in the region of 4000-600 cm™! at a
resolution of 4.0 cm™!. An average of 64 repeat scans was taken to
obtain each spectrum.

2.7. Thermal analysis

Change in state of the dissolving MAPs was investigated by differ-
ential scanning calorimetry (DSC). DSC studies were carried out with a
TA Instruments DSC Q100 (TA Instruments, New Castle, Delaware,
USA). The temperature range was 25 to 280°C with a heating speed of
10°C/min and nitrogen flow rate of 10 ml/min. Thermogravimetric
analysis (TGA) was carried out using a Q500 thermogravimetric ana-
lyser. The heating rate was calibrated at 10°C/min in the range of 25°C
to 500°C. The data from the DSC and thermogravimetric analysis ex-
periments were analysed with TA Instruments Universal Analysis,
version 4.5A.

2.8. Powder X-ray diffraction (PXRD)

The crystalline characteristics of FND alone and included in dis-
solving and implantable MAPs was assessed using a Miniflex™ X-ray
powder diffractometer (Rigaku Corporation, Tokyo, Japan) equipped
with Ni-filtered, Cu Kp radiation, at a current of 15 mA and a voltage of
30 kV as described in a previous work (Volpe-Zanutto et al., 2021).

2.9. Particle size analysis

The particle size of coarse FND and FND dispersed from dissolving
MAPs was determined by laser diffraction using a Mastersizer® 3000
equipped with a Hydro® cell (Malvern Panalytical Ltd, Worcestershire,
England). To this purpose, 20 mg of the coarse drug were dispersed with
a vortex in 10 ml of 2% w/v of Poloxamer 188 to ensure particle
disaggregation. For the dissolving MN tips, the MNs of six dissolving
MAPs were scrapped with a scalpel and dispersed in 5 ml of deionised
water. For measurement, both samples were dispersed in 500 ml of
water, setting the agitation of the Hydro® cell at 2,000 rpms for 3 min,
followed by 30 s of sonication. Then the samples were measured six
times. The results were expressed in terms of the De Brouckere and
Sauter mean diameters ([D4,3] and [D3,2], respectively), and Do, Dsg
and Dg().

2.10. Invitro release studies

Invitro release profiles were obtained for pure FND, dissolving MAPs
and implantable MAPs using a dialysis membrane method (Mir et al.,
2019; Permana et al., 2020). The samples used in this experiment were
FND (5 mg), the MNs carefully scraped from three dissolving MAPs, and
three implantable MAPs. Each sample was separately dispersed in 1 ml
of PBS and placed into Spectra-Por®, 12,000-14,000 MWCO dialysis
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membrane bags (Spectrum Medical Industries, Los Angeles, CA, USA)
and sealed with plastic clamps. The release study was performed in 50
ml of 20% v/v of ethanol in water to ensure sink conditions, using
hermetically sealed bottles which were placed at 37C in an orbital
incubator (Jeio Tech ISF 7100 Incubator, Ma, USA) at 100 rpm. Aliquots
of 1 ml were taken at predetermined time intervals and replaced with an
equal volume of fresh release medium. Samples were filtered and
quantified by the HPLC methodology described in Section 2.5. Each
release experiment was performed in triplicate (n = 3).

2.11. Skin deposition studies

The skin deposition of the FND MAPs were evaluated using excised
full-thickness neonatal porcine obtained from stillborn piglets and
immediately frozen after birth at —20 °C and defrosted overnight before
use. To this purpose, a Franz cells apparatus was set up as shown in
Fig. 2¢. The porcine skin is a widely accepted model for human skin
(Summerfield et al., 2015) and has been extensively used for MAPs
characterisation in Franz cells (Courtenay et al., 2020; Mc Crudden
et al.,, 2018; Permana et al., 2020). Each skin sample was carefully
shaved before use and attached to the donor chamber of each Franz with
the stratum corneum facing upwards, adhered using cyanoacrylate glue.
The donor compartments (with diffusion area of 1.7 cmz) were placed on
a sheet of dental wax covered in aluminium foil and MAPs were
manually inserted into the skin. A 10 g stainless steel cylinder of 1.2 cm
in diameter and 1 c¢cm in height was placed on top of the MAPs to keep
them in place and the donor system mounted onto the receiver com-
partments, which contained 12 ml of 20% v/v of ethanol in water. The
system was maintained at 37 + 1°C and stirred with a magnetic bar at
600 rpm during the experiment. The joint between the compartments
was wrapped in Parafilm® to avoid solvent evaporation. After 24 h, the
system was disassembled and the skin area where MAPs were applied
was removed using a 1 cm? biopsy punch. The drug was extracted by
placing the skin pieces in the Eppendorf tubes with 2 ml of MeOH:water
(1:1) and two stainless steel beads with a diameter of 0.5 cm (Qiagen,
Hilden, Germany) and homogenising them at 50 Hz for 15 min in a
Qiagen TissueLyser® LT (UK Quiagen Ltd, Manchester, UK). After
centrifugation at 14,000 rpm for 15 min, the supernatants were suitably
diluted and analysed by HPLC, together with aliquots obtained from the
receptor compartments after the experimental end point. Each Franz cell
experiment was carried out in quadruplicate (n = 4).

2.11.1. Transdermal drug delivery

The same experimental set up described in section 2.11 was used to
evaluate the transdermal drug permeation using dissolving and
implantable MAPs. For this purpose, samples were taken at pre-
determined time intervals from the receiver compartment until 24 h,
centrifuged at 14,000 rpm, suitable diluted and quantified by HPLC.
Each experiment was done in 4 replicates (n = 4).

2.12. Optical coherence tomography

MAP insertion into Parafilm M® and skin was visualised by optical
coherence tomography (OCT) using a EX1301 OCT Microscope
(Michelson Diagnostics Ltd., Kent., UK). Real-time high-resolution im-
aging of the Parafilm M® layers and skin was enabled by OCT imaging
with a laser centre wavelength of 1305.0 = 15.0 mm. Layers were
scanned at a frame rate of 15B-scans (2D cross-sectional scans) per
second with a scan width of 2.0 mm. The 2D images were examined
using the imaging software ImageJ® (National Institute of Health,
Bethesda, USA). Accurate visualization was allowed as the scale of
image files was 1.0 pixel = 4.2 pm (Donnelly et al., 2010).

2.13. Statistical analysis

Statistical analysis was carried out using GraphPad Prism© version
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8.0 (GraphPad Software Inc, San Diego, California, USA). Data was
analysed where appropriate using a one-way analysis of variance
(ANOVA). In all cases, p < 0.05 denoted significance. Results were
expressed as means =+ standard deviation (SD).

3. Results and discussion
3.1. MAPs manufacture

Bi-layered dissolving and implantable MAPs were obtained by cast-
ing the drug containing layer and the baseplate sequentially. Dissolving
MAPs were prepared using PVA and PVA as the basis of a dissolvable
matrix, whereas the implantable MAPs contained a first layer made of
the biodegradable polymer PLGA. Microscopic analysis revealed all the
MNs were correctly formed, with transparent, flat baseplates and MN
geometry consisting of a square pedestal with pyramidal tips (Fig. 3).
Dissolving MAPs were obtained using a combination of low molecular
weight PVP and PVA, two polymers that are able to form mechanically
strong MNs, while keeping a rapid dissolution rate in the fluids of the
skin, thus exposing the drug particles to dissolution. The dissolvable
patches showed clear and uniform separation between the drug-
containing layer and the baseplate as observed in Fig. 3a-c. On the
other hand, implantable MAPs showed a mottled appearance which was

—
500um
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related to the solidification of the drug and PLGA after the evaporation
of the DMSO used to prepare the first layer solution (Fig. 3d-f). The
method reported here included the use of a ring insert which allows
centrifugation of the mould while keeping the baseplate polymer blend
on top of the already formed MNs, facilitating the preparation of bi-
layered MAPs. This method is able to produce formulations with the
drug concentrated in the first layer and avoids the presence of air bub-
bles trapped in the viscous baseplate solutions while ensuring good
adhesion between the two layers.

3.2. Mechanical characterisation

The mechanical resistance of MNs is critical to efficiently pierce the
stratum corneum and deposit their drug cargo in the dermis. As observed
in Fig. 4, dissolving MAPs presented a MN height reduction of 7.12 +
2.62% after the application of 32 N compression force against a flat solid
aluminium surface, whereas implantable PLGA MAPs showed a reduc-
tion of 26.93 + 0.41%. In the figures obtained by optical microscopy
(Fig. 4a-b), it can be observed that the MN tips before the test had a
pyramidal sharp shape while, after compression, the MNs tips were
compacted and showed different levels of reduction in their height.
Blends of PVP and PVA have been previously described as efficient MN
formers, leading to mechanically resistant formulations (Abdelghany

Fig. 3. Optical microscopy images obtained at different magnifications for dissolving MAPs (a-c) and implantable.



A.J. Paredes et al.

a b

— 30+
32
=
2
S 20
3
°
2
-
5 10 ¢
@
<
-

04

Dissolving Implantable

r—

Formulation .

Before compression

T

International Journal of Pharmaceutics 606 (2021) 120885

After compression

i e e e e o |

i -

e o
T
|

y
}“‘!‘
| e
g yaemes el

=
"
-

gl'
o B

T

Fig. 4. MNs height reduction for dissolving and implantable MAPs, results expressed as means + SD, n = 6 (a) and pictures obtained before and after compression of
dissolving MAPs (b) and implantable MAPs (c). Scale bar in the microscopy images = 500 pm.MAPs (d-f). Scale bar = 500 pm.

et al., 2019; Permana et al., 2021, 2020) and this has been explained by
the interactions between the hydroxyl groups of PVA and the carboxyl
groups of PVP (Permana et al., 2019a). In the case of the formulations
produced using PLGA, the mechanical resistance was clearly reduced
and a waxy consistency was observed during the compression experi-
ments. Other works have reported the use of PLGA for the manufacture
of MAPs with demonstrated capability of piercing the skin (He et al.,
2020; Li et al., 2019a, 2019b). However, insertion studies were required
to fully understand the capability of FND dissolving and implantable
MAPs to pierce the skin.

The skin simulant Parafilm® model has been widely used to test the
insertion capacity of MAPs (Larraneta et al., 2014; Permana et al., 2020,
2019b; Volpe-Zanutto et al., 2021). Here, the number of perforations in
eight Parafilm® layers that are placed on top of each other is counted
after MAP insertion. To date, there are no available standardised tests
for the quality control of MAPs; however, previous reports have
demonstrated that MN height reductions below 10% and penetration of
at least two Parafilm® layers (330 pm in depth) can lead to an efficient
skin insertion and drug deposition in vitro and in vivo (Permana et al.,
2020; Tekko et al., 2020; Volpe-Zanutto et al., 2021). As shown in
Fig. 5a, the first and second Parafilm® layers were pierced by nearly
100% of the MNs for both formulations, whereas a noticeable difference
was observed in the number of holes created in the third layer. While
dissolving MAPs pierced the third layer with 69.73 + 4.70% of the MNs,
implantable MAPs did it with only 20.51 + 10.22% of the MNs. This
study complements the MNs height reduction assay in order to ensure
efficient MN insertion in the skin and successful delivery of the drug. In
this study, implantable MAPs showed a greater height reduction but
retained good insertion capacity, therefore and aiming to fully

Parafilm® layer b
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understand the ability of implantable MAPs to deliver drugs to the skin,
further experiments were carried out as described in the following
sections.

3.3. Physicochemical characterisation

Thermal characteristics of FND alone, and FND loaded into dissolv-
ing and implantable MN tips, together with their correspondent excip-
ients were investigated using DSC, as depicted in Fig. 6a and b,
respectively. The DSC thermogram of pure FND exhibited a sharp peak
at 258 °C, corresponding to the melting point of the drug and indicating
a high degree of crystallinity. The small peak observed in the magnifi-
cation boxes of Fig. 6a and b is typically present in the DSC profile of
polymorph I of FND (da Silva et al., 2015). FND contains an enantio-
tropic pair (forms I and II), with form I being preferred due to its
increased stability and dissolution rate (da Silva et al., 2015; Wawrzycka
etal., 1999). Importantly, this characteristic profile was also observed in
the thermograms of the dissolving and implantable PLGA MN tips. In the
case of the dissolving formulation, the main melting peak appears in a
narrow window of temperatures, indicating that the active compound
retained a high degree of crystallinity in these MAPs. The implantable
MN tips, on the other hand, produced a less defined melting peak for
FND and a shift to lower temperatures, which could be attributed to a
partial amorphization of FND occurred during drug solidification within
the PLGA matrix, or a thermally-induced amorphization of the system
during DSC experiments as previously described in the literature (Par-
edes et al., 2020a; Simonazzi et al., 2018). Further X-ray diffraction
experiments detailed below in this section were crucial to unveil the
crystalline state of FND in both MAPs. Thermogravimetric (TGA)
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Fig. 5. Insertion test in the Parafilm® skin simulant model. a- percentage of needles piercing each of the eight Parafilm® layers by dissolving and implantable MAPs,
results expressed as means + SD, n = 6. b- optical microscopy images of the first, second and third Parafilm® layers for dissolving and implantable MAPs. Scale bar in

the microscopy images = 1 mm.
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Fig. 6. Physicochemical characterisa-
tion of FND and FND loaded dissolving

and implantable MAPs. a- Differential

== ] s e 17 ! scanning calorimetry (DSC) of FND,

dissolving MN tips, PVP and PVA. b-
Differential scanning calorimetry (DSC)

of FND, implantable MN tips and PLGA.
c- Thermogravimetric analysis (TGA) of

\ FND, dissolving MN tips, PVP and PVA.

o d- Thermogravimetric analysis (TGA) of
FND, implantable MN tips and PLGA. e-
Fourier transformed infrared spectra of
FND, PVP, PVA, and dissolving MN tips.
f- Fourier transformed infrared spectra
of FND, PLGA and implantable MN tips.
g- Powder X-ray diffraction of FND and
dissolving MN tips. h- Powder X-ray
diffraction of FND and implantable MN
tips.
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analyses shown in Fig. 6¢ and d revealed that the coarse drug, dissolving
and implantable MAPs, and their correspondent excipients were stable
even at high temperatures, with decomposition of both dissolving and
implantable MN tips starting at approximately 260 °C. Moreover, they
also shown negligible weight loss in the temperature range of 25-100 °C,
indicating that the samples did not contain significant amounts of water.

FTIR study was used to further evaluate the compatibility of FND
with the excipients in the various formulations. The FTIR spectra of
FND, dissolving MNs, PVP and PVA are shown in Fig. 6e, whereas the
spectra of FND, the implantable MNs and PLGA are shown in Fig. 6f. In
the FND spectrum, the peaks found at 1365 cm™! and 1383 cm™! were
attributed to tert-butyl group. Other peaks observed at 1666 cm ™! and
1688 cm ™!, were attributed to the two amide groups of C = O stretching
band. Finally, the presence of peaks at 3430 cm ! and 3243 cm ™! were
due to the amide group of N-H stretching band. In both formulations, all
the characteristics peaks of FND were also observed, indicating that FND
did not interact with other excipients used in the formulations.

The PXRD patterns of FND alone and loaded into dissolving and
implantable MAPs can be observed in Fig. 6g and h, respectively. In both
samples, the characteristic peaks of the coarse drug (i.e., at 14, 16, 17
and 20 °20) were also observed, thus confirming that the drug kept its

Position [°20]

crystalline characteristics in the final formulations. However, in the case
of the implantable MN tips, the intensity of the peaks was reduced. This,
together with the less intense melting peak observed in the DSC exper-
iment, indicate a degree of amorphization of the drug within the PLGA
matrix. Furthermore, PXRD experiments allowed to confirm that the
polymorphic form I of FND was present in the coarse drug and in both
MAPs, and no polymorphic transformation took place during the
formulation process. Crucially, the X-ray diffraction pattern of form I is
clearly distinguishable from that of the form II as described in the
literature (da Silva et al., 2015). All together, these results demonstrate
that the formulation of FND into dissolving MNs using the combination
of PVA and PVP, as well as implantable MNs using PLGA, allowed FND
to keep its crystalline characteristics, with no polymorphic trans-
formations of FND during the manufacture of the MAPs, and no in-
teractions observed between drug and excipients.

3.4. Particle size analysis
The particle size distribution of coarse FND and FND dispersed from

the dissolving MAPs can be observed in Fig. 7. Coarse FND presented a
monomodal distribution, with mean diameters [D4,3] and [D3,2] of
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Fig. 7. Particle size distribution of coarse FND and FND redispersed from dissolving MAPs obtained by lase diffraction.

41.6 pm and 16.8 pm, respectively (D1o: 12.1 pm, Dsp: 37.7 pm, Dgo:
77.2 pm). Similarly, the redispersion of FND from the dissolving MN
produced a monomodal distribution with mean diameters [D4,3] and
[D3,2] of 61.1 pm and 40.4 pm, respectively (D1¢p: 22.6 pm, Dso: 52.6
pm, Dgo: 109.0 pm). Implantable MN tips were not analysed by laser
diffraction since the drug is entrapped in the PLGA matrix, which im-
pedes its redispersion as discrete particles and their detection by the
laser of the instrument.

3.5. Drug content and distribution in the MAPs

The drug content in dissolving and implantable MAPs, and the drug
distribution between the baseplate and MN tips, is shown in Fig. 8.
Dissolving MAPs were able to load 2697.86 + 402.29 ug of FND, with
2256.95 + 112.82 pg accumulated in the MN tips and 343.30 + 29.63 pug
remaining in the baseplate. In the case of implantable PLGA MAPs, the
total amount of drug loaded was 1715.21 + 273.61 pg, of which
1475.83 + 237.59 pg were in the MN tips and 249.76 + 29.28 pg in the
baseplate. The presence of FND in the baseplate is explained by the back-
migration of the drug from the MNs to the baseplate aqueous blend
during the manufacture process; this phenomenon is commonly
observed in water soluble drugs, a phenomenon less commonly observed

Dissolving MAPs

Whole MAP

MN tips
Sample

Baseplate

Drug content (ug)

with poorly soluble drugs. FND is slightly soluble in water (<2 mg/ml),
which in combination with the increased wettability provided by PVP in
the baseplate (Maniruzzaman et al., 2013), increased the chances of
drug back-migration. However, it is important to highlight that only
12.72% and 14.56% of the FND was located in the baseplate for dis-
solving and implantable MAPs, respectively.

3.6. In vitro drug release

In vitro release profiles of FND from the coarse drug, compared to the
dissolving and implantable MN tips were obtained over 14 days. As
observed in Fig. 9, dissolving MAPs presented the highest dissolution
rate in comparison to the coarse drug and the implantable formulation,
reaching a maximum drug by day 7. After 48 h, when a plateau in the
dissolution rate was observed, 76.43 + 19.22% of drug was released
from dissolving MAPs, whereas for the coarse drug and implantable
MAPs, the amounts of FND dissolved were 61.43 + 9.53% and 35.51 +
0.93% respectively. At this time point, no significant differences were
observed between the dissolving formulation and the coarse drug (p >
0.05 in both cases). On the contrary, the differences between the
implantable and the other two formulations were found to be statisti-
cally significant (p < 0.05). Until day 11, the same trend in dissolution
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Fig. 8. Drug content and distribution in dissolving and implantable MAPs.
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Fig. 9. In vitro drug release profiles of FND from pure FND, dissolving MAPs
and implantable MAPs using a dialysis membrane (12,000-14,000 MWCO)
experimental set up. Results expressed as means + SD, n = 3.

profiles was observed, with similar differences among the groups
maintained throughout this period. Finally, after 14 days, the amounts
of drug released from dissolving MAPs, coarse drug and implantable
MAPs were 85.09 + 10.17%, 74.74 + 11.18%, and 69.90 + 3.28%
respectively, with no statistical differences among the three samples
analysed (p > 0.05). The use of dialysis membranes for the study of the
release behaviour of different drugs has been widely used as a predictor
of the in vitro and in vivo performance of long-acting MAPs (Permana
et al., 2020, 2019b; Tekko et al., 2020; Volpe-Zanutto et al., 2021).
Crucially, the drug release rate determined using this model has been
found to be markedly faster than that observed in subsequent ex vivo and
in vivo release experiments, with this phenomenon attributed to the
difference in the volume available for dissolution, naturally lower in the
viable layers of the skin (Permana et al., 2020; Rojekar et al., 2021; Yao
et al., 2017). In spite of that, it is crucial to ensure the maintenance of
sink conditions, which permits the evaluation of the drug release system
independently from solvent volume and consequently from saturation
effects, both factors that can influence drug dissolution (Siepmann and
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Siepmann, 2013). According to the results observed here, both the dis-
solving and implantable formulations hold promise with respect to the
long-acting release of FND, since demonstrating utility for drug delivery
over 7 and 14 days, respectively.

3.7. Skin deposition in studies in Franz cells

Skin experiments in Franz cells revealed that both formulations were
able to localise considerable amounts of the drug in the skin as well as to
release FND to the receptor compartment of the Franz cells. As shown in
Fig. 10a, dissolving and implantable MAPs deposited 629.00 + 214.54
pg and 1861.64 + 383.30 pg of FND in the skin, respectively, with sig-
nificant difference between the groups (p < 0.05). Moreover, dissolving
and implantable MAPs were able to deliver 90.43 + 6.20 pg and 22.08 +
6.15 g of FND to the receptor compartment, respectively at 24 h. When
considering the amount of drug deposited in the skin, to the best of our
knowledge, no other system could deliver higher FND payloads than
those observed in this work. For example, Rao et al. (Rao et al., 2008),
prepared vesicular ethosomal carriers that was only managed to deliver
around 25 pg/cm? of FND to the skin. Another report by Kim et al.
described the use powder-carrying MAPs that deposited approximately
44.70 + 8.14 pg/cm? of FND in the skin (S. Kim et al., 2019). Adjusted
by area (the MN area of the patches described here is 0.5 cmz), the
implantable and dissolving MAPs deposited amounts of FND that were
50- and 148-fold superior to the ethosomal formulation, respectively,
and 28- and 84-fold higher than the powder carrying MAPs, respec-
tively. The main reason for this phenomenon is the high MN density of
the MAPs prepared in this work, which allowed greater loading capacity
of FND, leading to a noticeable increase in the drug deposited within the
skin. Similar results were previously observed when a similar MAP
archetype was used to deliver the hydrophobic drugs cabotegravir
(Tekko et al., 2019), itraconazole (Permana et al., 2020) and etravirine
(Rojekar et al., 2021). Once MAPs are inserted in vitro, the fluids of the
dermis dissolve the drug, which then freely diffuses into deeper skin
layers, eventually reaching the solvent in the receptor compartment. In
vivo, this translates into the absorption of the drug to the plasmatic
circulation, with consequent systemic effects (Cole et al., 2019; Liu et al.,

Fig. 10. Skin experiments of FND MAPs. a-
FND deposition in skin, receptor compart-
ment after application of dissolving and
implantable MAPs to excised neonatal full-
thickness porcine skin, results expressed as
means + SD, n = 4. b- optical microscopy
images of the skin area where dissolving and
implantable MAPs were applied after the
endpoint of the study. Scale bars = 1 mm c-
optical coherence tomography of the skin
area where dissolving and implantable MAPs
were applied after the endpoint of the study.
Scale bars = 1 mm. d-transdermal drug
permeation of for dissolving and implantable
MAPs, results expressed as means + SD, n =
4.

Implantable MAPs
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Time (h)
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2021; Volpe-Zanutto et al., 2021). Giffen et al. recently reported the use
of dissolvable MAPs for the systemic delivery of the drug dutasteride
(Giffen et al., 2020), another 5a-reductase inhibitor used for the treat-
ment of prostatic hyperplasia, achieving a sustained release of the drug
in rats (Giffen et al., 2020). Moreover, the in silico modelling of this data
predicted that the formulation could be administered to humans every
two weeks (Giffen et al., 2020). In our work, dissolving and implantable
MAPs demonstrated their capacity to deliver FND to the receptor com-
partments of the Franz cells, which highlights the potential use of these
novel formulations for the treatment of benign prostate hyperplasia,
where FND requires systemic distribution to reach the androgen-
dependent tissues of the prostate (Gormley et al., 1992).

Fig. 10b shows photomicrographs of the MAPs application areas
after the 24 h skin deposition experiment, where dissolving MAPs
created a pattern of indentations in the skin that follows the MAP ge-
ometry, revealed by the use of light from the stereo-microscope illumi-
nated from the underside of the skin sample. These skin markings are
produced by the insertion of the MNs and posterior dissolution of the
excipients and the drug. Conversely, for implantable MAPs, the area of
application was covered by the PLGA MN tips, with their square
appearance attributed to the MN pedestals. In order to confirm this
observation, OCT images were obtained for both formulations. As shown
in Fig. 10c¢, the skin sample treated with dissolving MAPs presented a
number of marks on the outer surface, which were approximately 100
pm in depth. The insertion of MAPs creates these pores in the skin, which
tend to close after application due to the inherent flexibility of the
epidermis (Brogden et al., 2012). OCT analysis of the skin area
confirmed MN insertion, as the triangular MN tips were easily detect-
able. This provided further evidence supporting the fact that implant-
able PLGA MAPs produce MNs capable of piercing the skin, creating
micro-implants with the potential for prolonged drug delivery. In
order to evaluate the capacity of the novel dissolving and implantable
FND MAPs to deliver the drug over a sustained period, transdermal
permeation experiments were carried out in Franz cells. As shown in
Fig. 10d, there was a marked difference between the transdermal release
profiles of both FND MAPs. On the one hand, dissolving MAPs were able
to deliver a maximum of 90.43 + 6.20 pg by the experimental endpoint
(24 h). Implantable MAPs, on the other hand, delivered only 27.80 +
3.94 ug of FND after 24 h, with this value proving statistically different
from that of the dissolving MAPs (p < 0.05). Unsurprisingly, the release
rate of FND from the PLGA micro-implants was low due to the capacity
of this polymer to degrade slowly in the body. Our findings are in
agreement with the results observed in other reports, where PLGA was
able to produce MNs suitable for skin penetration, releasing active
compounds over prolonged periods, both in vitro and in vivo (He et al.,
2020; Li et al., 2019a, 2019b).

When MAPs are applied in the skin, slowly-dissolving drug depots
are left in the dermis, from where the drug diffuses and is absorbed by
the blood microvasculature housed within the dermis. Whereas the
transdermal drug release from dissolving MAPs is governed by a slow
dissolution of the 61.1 um-drug particles, FND release from implantable
formulations is largely controlled by the presence of PLGA, which forms
a matrix from where the drug must dissolve and diffuse. The use of PLGA
for the formulation of MAPs holds promise in terms of long-acting
release (He et al., 2020; Li et al., 2019a, 2019b; Peng et al., 2021). To
date, a relatively low number of reports have described the use of PLGA
MAPs to release drugs for weeks and months, however, the biodegra-
dation of PLGA in the skin is still not fully understood. In a recent study,
Peng et al delivered amphotericin B using PLGA MN tips and demon-
strated that the length of the tips was reduced to 50% in size after in-
cubation in PBS for 21 days (Peng et al., 2021). However, further
experiments on long-term skin application and biodegradation of the
polymer are still required to fully understand the mechanisms of drug
release from such matrices.

Importantly, drug absorption via this route ultimately results in body
wide distribution due to the systemic circulation (Paredes et al., 2020b;
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Vora et al.,, 2021). In the implantable MAPs developed here, PLGA
played a key role in controlling the release of FND, whereas, in the
dissolving formulation, the release of the drug was controlled by the
physicochemical properties of FND (i.e., particle size: 61.1 pm, aqueous
solubility: 1.98 pg/ml; log P: 3.03). According to the data observed in
this work, the application of these MAPs to the skin has the potential to
release the drug for several days. Dissolving MAPs, deposited 629 pg of
FND in the skin, from which only 90 pg were delivered in 24 h, which in
theory means that this formulation has the potential to release the active
for 7 days. Using a similar analysis, the implantable MAPs could release
the active compound for up to 67 days. This, together with the 14-days
release experiments, provides robust evidence that both dissolving and
implantable MAPs can release their drug cargo over prolonged periods.
However, further pharmacokinetic studies in animal models are
required to shed light on the time periods in which these MAPs would
maintain therapeutic plasma levels of FND, which in humans is reported
to be 0.012 pg/1 (Ko and Jusko, 1995; Steiner, 1996).

4. Conclusions

Novel bi-layered dissolving and implantable FND MAPs were pro-
duced using a casting technique. Both formulations presented a high
drug loading capacity and sufficient mechanical resistance to penetrate
the skin. The physicochemical characterisation evidenced that the
crystallinity of the drug was maintained during the formulation process,
with no observed interactions between the drug and the excipients. In
vitro release experiments using sink conditions evidenced that implant-
able MAPs delivered the drug over 14 days, whereas and ex vivo studies
demonstrated that the novel MAPs were capable of slowly delivering the
active drug to the skin, but also transdermally. Together, in vitro and ex
vivo release experiments suggest that the formulations developed here
can efficiently deliver FND to the skin during prolonged periods,
therefore constituting a potential user-friendly option for patients
suffering from BPH and androgenic alopecia. However, in vivo comple-
mentary studies are necessary to fully understand the pharmacokinetics
of these FND MAPs.
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