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Pulmonary hypertension (PH) is a cardiovascular disease affecting patient’s life. Sildenafil citrate (SC), the first-
line treatment, is present in oral and injectable forms with some drawbacks, primarily poor patient’s comfort and
low oral bioavailability. To counter these li ions, stratum cor -penetrating hydrogel-forming micro-
needles (HFM) was created, making it easier to distribute SC transdermally. HFM was fabricated using polyvinyl
aleohol (PVA) and two variations of polyvinyl pyrrolidone’s (PVP) concentration as polymers and citric acid (CA)
as crosslinking agent. The crosslinking time was also variated. The assessment of swelling, insertion character-
istics, and mechanical resistance revealed that it possessed swelling capacities up to 470 % and strong insertion
capabilities, This HFM was integrated with a tablet reservoir prepared using several concentrations of sodium
starch glycolate (SSG) as super disintegrant. The tablet reservoir's hardness, dissolution rate, XRD, and FTIR
profiles were evaluated and the results showed that 4 % of S5G was the option for enhancing SC's solubility.
According to ex vivo study, this system released 24.12 = 0.92 % of SC. For the first time, SC was successfully
incorporated into a system of HFM and tablet reservoir and was non-toxic, showing promise in terms of

improving PAH therapy's efficacy following comprehensive in vivo studies in the future.

1. Introduction

Pulmonary hypertension (PH) is a type of cardiovascular illness that
causes considerable functional capacity restrictions, lowered quality of
life, and markedly shorter life expectancy (Wichman et al., 2022). The
typical characteristics of pH are mean pulmonary artery pressure =20
mmHg at rest or =30 mmHg during exercise (Anderson and Lau, 2022;
Hajra et al., 2022). The incidence and prevalence of pH are rising, most
likely due to a variety of factors (Wijeratne et al., n.d.). Following the
COVID-19 pandemic, discussions and interest in PH care have been
rekindled as there is evidence that it worsens pre-existing PH. It is ex-
pected to play a substantial role in the genesis of pH in the years to come,
as the infection has a long-term side effect of lung fibrosis (Suzuki et al.,
2021). Pulmonary arterial hypertension (PAH), a particular subset of
PH, is particularly interesting since it has the strongest genetic and he-
reditary relationship and preferentially affects the younger population
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(Austin and Loyd, 2014). PAH is characterized by a primary pulmonary
vasculopathy of the distal pulmonary arteries, which is amenable to
therapy with pulmonary vasodilators (Galie et al., 2019).

Among the US FDA-approved therapies for treating PAH, sildenafil
citrate (SC), an oral phosphodiesterase-5 inhibitor (PDE5-I), has a
number of advantages and is advised as a first-line treatment. [t is well-
tolerated, has a minimal side effects profile, is less expensive than
alternative treatments, is non-nephrotoxic, and does not require moni-
toring of liver function. In addition, patients who have an underlying
liver illness that could go worse with endothelin receptor antagonists are
especially well-suited for SC (Ghofrani et al., 2006; Hemnes and
Champion, 2006). By destroying c¢-GMP, SC restricts the vasodilator
effects of nitric oxide and is a relatively selective pulmonary vasodilator
(Galie et al., 2005). Sildenafil is considered safe and effective by Baml
meta-analyses of pharmacological therapy for PAH (Chaumais et al.,
2013; Mohammed et al., 2021; Pierce et al., 2021; Wang et al., 2014;
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Yanagisawa et al., 2012).

For the treatment of PAH, SC comes in the form of a 20 mg film-
coated tablet, a 10 mg/12.5 mL injectable vial, and a powder for
reconstitution into a liguid suspension. A 10-mg intravenous sildenafil
bolus appeared to mirror the exposure, tolerability, and safety of a 20-
mg tablet in PAH patients stable on 20 mg tid. oral sildenafil
(Vachiery et al., 2011). However, SC administered orally had substantial
drawbacks, such as low bioavailability and a late onset of action brought
on by first-pass impact metabolism (Alali et al., 2021; Jung and Jin,
2021). In contrast, injection via the parenteral route may cause patients
discomfort and necessitate expert skills (Cheung and Das, 2016).
Therefore, an alternative method of administering SC is required.

Transdermal drug delivery may avoid many of the abovementioned
concerns while providing patients with a more comfortable treatment
option (Prausnitz and Langer, 2008). In order to overcome the stratum
corneum as the principal barrier of this delivery route (often results in
hindered drug permeation), microneedle (MN) array technology was
deemed the best option to deliver the drug by mechanical modification
of the stratum comeum itself (Dharadhar et al., 2019). MN is made up of
baseplate-mounted, micron-sized needles that range in size from 100 to
1000 pm. Due to their size, they can effectively deliver medications to
the stratum corneum without damaging the nerves or blood vessels and
inflicting pain or bleeding ([ao et al., 2017; Ye et al., 201 8). Moreover,
MN is also simple to administer on one’s own. Compared to silicone or
metallic MN, the hydrogel-forming microneedle (HFM) provides a larger
drug-loading capacity with controllable release rates without leaving
behind any possibly harmful or polymeric residues (Turner et al., 2020).
This form of MN uses a drug reservoir mounted to the HFM's upper side,
making it feasible for it to have a high drug-loading capacity. Regarding
the HFM's application, the needle would swell after being inserted into
the skin because it would have absorbed interstitial fluid. Facilitated by
its gradient of concentration, the medication can diffuse from the
reservoir and enter the epidermal layer through the hydrogel matrix
before reaching systemic circulation (McAlister et al., 2021). It has been
documented that HFM can deliver a range of chemicals and medications
(Aung et al., 2020; Courtenay et al., 2020; Migdadi et al., 2018; Peng
et al., 2021; Tekko et al., 2020).

HFM was often attached to various drug reservoirs, including novel
directly-compressed tablet reservoirs (Anjani et al., 2021). With respect
to the poor solubility and high permeability of SC, the solubility of drug
particles and in vitro dissolution profiles are improved by grinding with
super disintegrants in tablet formulations as it reduces the drug's par-
ticle size (Miranda et al., 2018; Pattekari and Kulkarni, 2017). Conse-
quently, a directly compressed tablet reservoir with the addition of a
super disintegrant was used as a medication solubility boosting method
to enhance the solubility and release profile of SC in the formulation
under study. Compared to lyophilized and solid reservoirs, this direct
compressed tablet has an advantage as a reservoir because creating one
is essentially quicker and easier (Anjani et al., 2021). The amount of
water media the HFMs array gives when expanding is relatively limited,
and this reservoir only needs a small amount of water for rapid disin-
tegration, making it appropriate for HFMs preparations (Donnelly et al.,
2014).

One of the materials used in manufacturing HFMs is polyvinyl
alcohol (PVA). PVA is an inert polymer with repeated hydroxyl groups
ideal for physical and chemical cross-linking (Demir et al., 2013). PVA-
based hydrogels offer good mechanical qualities, such as a higher elastic
modulus and a high mechanical strength, as well as good biocompati-
bility and high-water uptake (Daza Agudelo et al., 2019). This study
used CA as a crosslinking agent because it is inexpensive, non-toxic,
hydrophilic, and natural organic material with a 3-OH group that can
form a network in most hydrogel preparation (Gyawali et al., 2010). PVP
is included in the mixture to give HFM rigidity (acts as a backbone)
(Yang et al., 2021). The combination of PVA, PVP, and CA can improve
the mechanical strength and swelling profile of HFMs. This study will
construct and evaluate multiple HFM formulations to find a feasible
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formula for creating the HFM with the best SC penetration. The drug
tablet reservoir’s suitable formulation was also taken into consideration.
Ex vivo permeation studies were used to evaluate the system’s insertion
effectiveness and drug delivery capabilities.

2. Materials and methods
2.1. Materials

This study uses 99.99 % pure sildenafil citrate (SC) from SMS Life-
sciences India Ltd. (Telangana, India). The source of the citric acid (CA)
was Merck Schuchardt OHG (Hohenbrunn, Germany). Sigma-Aldrich
Pte Ltd. (Singapore, Singapore) and Fadjar Kimia (Bogor, Indonesia)
were the manufacturers of PVA and PVP used in this study. Avicel® PH
102 was purchased from DuPont de Nemours, Inc. (Wilmington, USA).
The supplier of Sodium Starch Glycolate (S5G) was Gujarat Overseas Inc.
(Gujarat, India). Dulbecco A Oxoid Ltd. sold the PBS tablets that were
used in this study (Hampshire, United Kingdom). Distilled water was
obtained from PT. Jayamas Medica Industri (Sidoarjo, Indonesia). All
other substances were of an analytical grade and were utilized exactly as
they were given.

2.2, Preparation of hydrogel film

Hydrogel film formulas are shown in Table 1. The polymer mixture
was prepared by dissolving PVA and PVP using distilled water in an oven
at a temperature of 90 “C until a clear solution was obtained. Upon
cooling, CA was inserted into the mixture and stirred until homoge-
neous. The mixture was centrifuged (LC-04S Centrifuge, Zenith Lab Co.,
Ltd. (Jiangsu)) at 3500 rpm for 15 min to remove air bubbles. Approx-
imately 5 g of each mixture was molded in the petri dish and dried at
37 °C for 48 h. After drying, the hydrogel films were heated at an oven
temperature of 130 °C for 50, 100, and 150 min, respectively. The
cooled hydrogel films were stored for further testing (Anjani et al.,
2021).

2.3, Swelling study

To find out how successfully the hydrogel films absorbed liquid, a
swelling test was conducted. Because there was minimal cutaneous
interstitial fluid (ISF) present when the HFM was placed into the skin,
this investigation was crucial. Therefore, a high degree of swelling was
needed in the hydrogels in order to keep the HFM's ability to swell and
distribute medications even with little liquid absorption (Anjani et al.,
2021). Initially, the weight of each hydrogel film was measured, then
immersed in PBS solution (pH 7.4). At intervals of 0,5; 1; 2; 3; 4; 5; 10;
15; 30; 60; 120; 180; 240; 300; 360; 420; 480; and 1440 min, the film
was weighed again. The film exterior was dried using filter paper prior
to weighing. The swelling percentage is determined by Equation (1],
with my as the film's initial weight and m, as the film's weight at a
specific ime (Raj Singh et al., 2009).

00% 1)

Ve Swelling = Swelling = (m:r;{m{” %1
b

Table 1
Formulation of hydrogel films at varied crosslinking times.

Formulations Compositions (% w/w) Crosslinking Time (min)
Group Code PVA FVP CA
Pl F1 15 5 1.5 50
F2 15 5 1.5 100
F3 15 5 1.5 150
P2 F4 15 15 1.5 50
F5 15 15 1.5 100
F6& 15 15 1.5 150
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2.4. Fabrication of hydrogel-forming microneedle (HFM)

HFM was made using the formula in Section 2.2, A total of 0,5 g of
hydrogel mixture was poured into a silicon microneedle mold (pyramid
shape, 700 ym height, needle density 10 = 10) and centrifuged for 15
min at 3500 rpm. The formed hydrogel mixture was then dried for 48 h
at room temperature. The dried HFM was then slowly removed from the
microneedles mold and crosslinked at 130C to optimize the crosslink
reaction between PVA and CA at the specified time (Table 1). For later
testing, the HFM was then kept in a container of silica gel.

2.5. Mechanical and insertion properties of HFM

The purpose of this study is to assess the physical properties of HFM.
Asa validated artificial skin test model, eight layers of Parafilm &M were
assembled to create the film (Larraneta et al., 2014). HFM arrays were
then fastened on Parafilm&M. A force of 32 N/array, which was equal to
the force of hand compression, was applied to the HFM for 30 s (Per-
mana et al., 2019a). Then, the HFM arrays were taken off, and a light
microscope (Olympus® CX23, Japan) was used to measure the needle
height. As an interpretation of mechanical strength, Equation (2) was
used to determine the percentage reduction in needle height, where Hy
stood for the needle height before compression and H, for the needle
height after compression. Under a light microscope, the quantity of holes
drilled into each layer of Parafilm®M was counted, and the results were
utilized to determine the insertion properties. The most profound depth
of the hole was also specified (Anjani et al., 2021).

0 - He

X 100% (2)

Height reduction (%) = H

2.6. Preparation of tablet reservoirs

Tablet reservoirs were prepared using the direct compression
method. Each ingredient was formulated according to the composition
of the formula in Table 2. Each component was first weighed and
blended thoroughly with a mortar and pestle. The resulting mixture of
each formula will be compressed and produce tablets of size 10 mm =
10 mm with a final weight of 100 mg.

2.7. Characterization of tablet reservoirs

2.7.1. Physical properties of tablet reservoirs

The physical characterization of reservoir tablets was determined
using hardness and dissolution time parameters. The tablet hardness test
used a hardness tester (Sotax® HT1, India) as the instrument. Initially,
the tablet was inserted into the instrument and then measured according
to the diameter of the tablet reservoir. After that, the instrument was run
until the reservoir was broken and the instrument produced a value in
the form of a force which is considered as the hardness of the tablet
reservoir (Wang et al., 2021). The reservoir was submerged in 20 mLof a
pH 7.4 PBS solution to conduct the dissolution test. At 37 “C and 600
rpm, the solution was stirred using a magnetic stirrer. The reservoir’'s
dissolution time was recorded by visually determining the reservoir’'s
dissolution (Anjani et al., 2021).

Table 2
Formula for tablet reservoir composition.
Composition (%w,/w) Formula
Rl R2 R3
Sildenafil citrate (5C) 50 50 50
Sodium starch glycolate (S5G) 2 4 [
Avicel pH 102 48 46 44
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2.7.2. Drug content recovery

This test aims to ensure that the SC concentration in the formulated
reservoir has met the assay requirements. The prepared reservoir was
weighed with the amount containing 10 mg of SC equivalent, and 10 mL
of 96 % ethanol was added to the prepared reservoir to dissolve it. The
concentration of the solution was then measured in triples using spec-
trophotometry. The concentration obtained was then calculated as the
percentage of drug recovered using Equation (3).

Obtained concentration

Dy ery (%) = ——————— 100% 3
rugan;m\ery (%) Added concentration * )? @)

2.7.3. X-ray diffraction (XRD) analysis

XRD analysis was done to ascertain the crystallographic structure of
pure SC and formulated tablet reservoir. This analysis could also
determine the tested material's chemical composition and physical
properties. An X-ray diffraction tool (Rigaku®, Japan) was used for this
test, moving at a speed of 4/min in the range of 20 between 5° and 50°.
CuK anode was used to measure the diffractogram at 40 kV and 40 mA
(Aldawsari et al., 2021).

2.8. Fourier transform infrared spectroscopy (FTIR) analysis

To determine the interactions between the active components and
excipients and to examine the crosslinking process that took place in the
HFM by looking at the changes in their chemical groups, FTIR analysis
was carried out. ATR-FTIR (Shimadzu®, Japan) was used for this test.
The sample was placed on a diamond ATR crystal, and measurements
were made with 16 scans at a resolution of 4 em ™" over the spectral
range of 400-4000 em ™! (Coelho Neto and Lisboa, 2017).

2.9. Skin preparation

The skins came from rats that had been euthanized. To obtain the
rat's skin, the hair was removed with an electric razor and hair removal
solution. The fat layer of the skin was then manually cut away with a
knife. In order to wash the skin, it was first stirred in a PBS solution (pH
7.4)until a clear solution was formed. After washing, the skin was dried,
and a digital caliper (Taffware® LCD-XY, Indonesia) was used to assess
its thickness. The skin was then covered in aluminum foil and kept in the
freezer at —20 °C for additional testing (Takeuchi et al., 2011).

2.10. Ex vivo permeation study

This test was carried out to determine the amount of drug permeated
from the reservoir through the HFM matrix that passes the rat's skin
using vertical franz ion cells (Fig. 1). First, the prepared rats’ skin
was immersed for 10 min in a PBS solution (pH 7.4) before being
installed into the donor chamber. The tablet reservoir was placed on top
of the HFM after it had been implanted on top of the skin. To prevent any
movement throughout the experiment, over the tablet reservoir, a
weight measuring 5 g per HFM was positioned. Tween80 2 % in PBS (pH
7.4) solution was the medium utilized in the receptor compartment. The
temperature was 37 “C, and the stirrer speed was 100 rpm. Sampling was
carried out simultaneously from the receptor compartment at intervals
of 0,5; 1; 2; 3; 4; 5; 6; 7; and 24 h. A 1 mL aliquot from the receptor
compartment was removed and replaced with a 1 mL aliquot of new
release medium to maintain sink condition. The samples’ results were
examined using spectrophotometry utilizing the maximum SC
wavelength.

2.11. Hemolytic assay

A hemolytic study was carried out on fresh rat blood samples as part
of the produced preparation’s initial toxicity screening. To separate the
red blood cells from the plasma, the blood was first centrifuged at 2000
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Fig. 1. Schematic presentation of the ex vivo study.

m for 20 min. Following the collection of plasma, red blood cells were
hed three times with PBS to produce a clear supernatant. To achieve
a final concentration of 10 % v/v, PBS was used to dilute the centrifuged
red blood cells. PBS was used to dilute the test sample, which was made
in three concentrations of 500, 50, and 5 ppm. Incubation took place at
37 “C for 60 min with the addition of 100 L of red blood cell suspension
for every 900 L of the sample. After 10 min of incubation, the solution
was centrifuged at 7000 rpm, and the supernatant was collected for
UV-vis spectrophotometer analysis at 540 nm (Ananda et al., 2021;
Atipairin et al., 2020; Mir et al., 2020). Additionally, an aquadest pos-
itive control and a PBS negative control were created. Equation (4] was
used to determine each formula’s hemolytic percentage.

Sampleabsorbance — Negativecontrolabsorbance

GoHemolyiic =
’ FPositivecontrolabsorbance — Negativecontrolabsorbance

x 100%
(4

2.12. Statistical analysis

GraphPad Prism® version 8.0 (GraphPad Software, San Diego, Cal-
ifornia, USA) was used for statistical analysis. Unless specified, all
experimental results were presented as means and standard deviations
(SD). For the comparison of cohorts, an unpaired t-test was per-
formed, and multiple cohorts were compared using a one-way analysis
of variance (ANOVA). A value of p < 0,05 was used to represent sta-
tistical significance in all cases.
3. Results and discussion

3.1. Preparation of hydrogel and swelling studies

Hydrogels are three-dimensional polymeric chains of hydrophobic
and hydrophilic groups that can absorb aqueous solutions (Gulenoor
et al., 2016; Thongsuksaengcharoen et al.,, 2020). In order to create a
swellable polymer structure known as a crosslinked structure, cross-
linking involves the reaction of hydrogel groups on polymer chain ends

with functional groups of crosslinkers (Sonker and Verma, 2018). The
differences in polymers and materials used will affect the cross-linking
process, thereby affecting the matrix’s swelling ability (Khan and
Ranjha, 2014). In this study, the hydrogel was formed based on the
crosslinking reaction between PVA and PVP as polymers with CA as a
crosslinking agent. PVA was used as the hydrogel polymer, and its high
number of —OH groups allowed it to absorb water, making it possible to
create a swellable structure (Sonker and Verma, 2018). The use of PVP
in the formulation seeks to give hydrogel-forming microneedles a
structural backbone, enhancing mechanical qualities (Yang et al., 2021).
It has been demonstrated that CA contains more binding sites and
hydrogen bonds than other acids, which aid in improving water
expansion and increase heat stability (Stone et al., 2013).

In the polymer mixture, there will be a physical crosslink with the
formation of hydrogen bonds between the carbonyl group in PVP and
the hydroxyl group in PVA (Zidan et al., 2019). Also, a previous study
hypothesized that a reaction between PVP and CA forms a protonated
complex that facilitates the dehydration of CA molecules to produce
reactive cyclic anhydride intermediates (Thongsuksaengcharoen et al.,
2020). Then, an esterification reaction occurs between the carboxylic
group in CA and the hydroxyl group in PVA at a high temperature,
forming a hydrogel matrix (Nataraj et al., 2020; Yu et al., 2021). The
previous study found that hydrogels made of PVA, PVP, and CA pro-
duced better physical and swelling characteristics than PVA and CA only
(Thongsuksaengcharoen et al., 2020).

As presented in Fig. 2, the crosslinking time of 50 min in each group
(F1 and F4) had the highest percentage of swelling compared to the
crosslinking time of 100 and 150 min. The swelling percentage of F1 and
F4 were found to be 472,998 + 3,14 and 453,601 + 0,51, respectively.
Upon statistical analysis, F1 and F4 were significantly different (p <
0,05). These results suggest that the HFM's swelling percentage is
influenced by the variance in heating time. The percentage of swelling
decreases with increased heating time. This result is due to prolonged
crosslinking time could promote the esterification between PVA and CA
so that the water uptake capability of hydroxyl groups will decrease as
the liquid would find it challenging to penetrate the film's structure
(Khan and Ranjha, 2014). This effect occurs due to increased water
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Fig. 2. Swelling of hydrogel films on different crosslinking times (A) 50 min; (B) 100 min; and (C) 150 min. By using manual compression, needle height reduction
percentages were compared after the application of 32 N of force (means + SD; n = 3) (D) Formula containing 5 % b/b of PVP (E) Formula containing 15 % of PVP.

volatilization from the reaction system brought on by the high temper- time results in lower swelling as an effect of increasing crosslinking
ature, which aids the esterification reaction. The ability of the hydrogel degree (Aung et al., 2020; Courtenay et al., 2020; Migdadi et al., 2018;
to swell is compromised by the formation of sections of the dense Peng et al., 2021; Tekko et al., 2020).

structure in the polymer at higher temperatures (Tan et al., 2021). These In general, films prepared with 5 % w/w PVP (P1) achieved a better

results have a similar trend as previous studies. Increasing crosslinking swelling percentage than 15 % w/w PVP (P2), and these results showed
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Fig. 3. (A) Representative image of microneedles array appearance before and after crosslinking procedure. Representative image of the needle’s morphology (4x
magnification) before and after penetration through the Parafilm® M layers on each formula containi ) 5% b/b of PVP; and (C) 15% of PVP. The quantity of
holes made by microneedles through the Parafilm® M layers concerning different crosslinking times (D) 50 min; (E) 100 min; and (F) 150 min.
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a significant difference by statistical analysis (p < 0,05). Moreover, P2
showed saturation indicated by the dissolution of films starting from
420, 480, and 420 min by F4, F5, and F6, respectively. Therefore, the
HFM's swelling percentage was also affected by the amount of PVP used
in the formulation. The results showed that the swelling percentage
decreases as the PVP concentration increases. This could be because a
higher concentration of PVP also increased the crosslinking degree due
to the large number of binding functional groups resulting in a decreased
water uptake capability. In conclusion, the hydrogel film with the best
swelling capability was obtained by F1 with a 5 % w/w PVP under
crosslinking time of 50 min, resulting in swelling up to 472.99 % at
1440 min.

3.2, Fabrication and characterization of HFM

The HFM was prepared by the same formula and method used in the
preparation of hydrogel films. The findings demonstrated that every
prepared HFM displayed a uniform blend. After the crosslinking process,
the HFM matrix showed a change in color to yellow (Fig. 3A). This
yellow hue could be due to the CA’s dehydration, which results in the
production of a colored, unsaturated acid after heating (Liguori et al.,
2019). The morphology of HFM was examined using a light microscope,
and the results are shown in Fig. 3B and 3C. These figures demonstrate
that the HFM formed a pointed needle tip. All HFM formulations can
penetrate the epidermis, which has a thickness of up to 180 ym, to reach
the dermis since the needles they produce have a height of roughly 700
um. The dermis and stratum comeum of the skin was up to 2000 pm
apart. Therefore, this HFM formulation can only penetrate the stratum
corneum but not the nerve terminals, resulting in a comfortable delivery
for patients as no pain will be inflicted (Alkilani et al., 2015).

In order to make sure that HFM can deliver the medicine into the
stratum corneum and penetrate the artificial skin test model, insertion
properties were assessed. The average thickness of a layer of Paraf-
ilmEM is 126 pm, and an eightlayer Parafilm®M structure has a
thickness of 1008 ym, which is equal to the distance from the upper
dermis to the skin comeum layer (Permana et al., 2019b). As shown in
Fig. 3D, 3E, and 3F, all HFM formulas were inserted into the first four
layers of Parafilm®M, equivalent to 72 % of the average needle height.
Therefore, the HFM formulation showed good insertion properties and
was deep enough under the skin to reach the dermis. In terms of the
quantity of holes made in the Parafilm®M, all s2 formulations (F4, F5,
and F6) outperformed the P1 formulation. Statistical analysis revealed
no significant difference between the inter- and intra- group of the for-
mula (p = 0,05). These results indicated that the increase in heating time
and concentration of PVP were causing an increase in the insertion
properties of the HFM. The mechanical strength of HFM could be
increased through the crosslink between PVA and CA. The bond formed
between PVA and CA could increase the rigidity and resistance of HFM,
leading to better insertion properties (Barandiaran et al., 2020).

One factor that needs to be considered in making HFM is the me-
chanical strength of each array. This mechanical strength could deter-
mine the degree to which HFM can pierce the stratum corneum and
epidermis to facilitate transdermal delivery. In previous studies, mate-
rials such as PVP and PEG 10,000 were used to increase the mechanical
strength of HFM (McAlister et al., 2021). In this study, PVP was used to
increase mechanical strength due to its compatibility with human tissue
and other polymers. Notably, previous studies have stated that PVA-
based hydrogels could not be formulated with PEG 10,000 due to
their incompatibility, which caused the mixture to separate and become
inhomogeneous (Aung et al., 2020; Courtenay et al,, 2020; Migdadi
et al., 2018; Peng et al., 2021; Tekko et al., 2020). By examining how
well HFM holds up against compression forces after being applied to 8
layers of Parafilm®M, the mechanical strength may be calculated. This
test's needle morphologies are shown in Fig. 3B and 3C. The needle
showed good properties as it can be seen that no needles are ruptured or
dissolved after insertion into the skin. It also shows that only slight
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bending occurred on the needle’s tip, indicating good mechanical
strength for P1 and P2 (Aung et al., 2020; Courtenay et al., 2020; Mig-
dadi et al., 2018; Peng et al., 2021; Tekko et al., 2020). Additionally,
Fig. 1D displayed the percentage of HFM needle height reduction across
all formulations, showing <10 % of needle height reductions for P1 and
P2. This finding suggests that these HFM formulations were mechani-
cally strong enough to withstand a compression force (Permana et al.,
2019c). Statistical analysis revealed no significant difference between
the inter- and intra- group of the formula (p > 0,05). In general, the most
significant percentage of needle height decrease in HFM is observed in
the formula with the crosslinking time of 50 min, followed by 100 min
and 150 min. This finding demonstrates how the strength and length of
the HFM are impacted by the heating time used. The percentage
reduction in HFM height decreases with the increase in heating time.
Therefore, the result obtained was in accordance with the insertion
properties study.

3.3. Preparation and physical properties of tablet reservoirs

The prepared system used the reservoir as a medium for the drug. It
was connected to the upper base of the HFM plate that, once inside the
skin, will absorb interstitial fluid from the skin tissue and allow the drug
to diffuse from the reservoir layer to the skin microcirculation (Anjani
et al., 2021). To help transport medications that are poorly soluble and
are disseminated in a hydrophilic matrix, the HFM acts as a passage in
the skin (Keamey et al., 2019). The reservoirs used in this study were
directly-compressed tablet reservoirs, whose appearance can be seen in
Fig. 5D. Grinding BCS class II (such as sildenafil citrate) drugs with super
disintegrant in tablet formulations increases the solubility and dissolu-
tion profile of drugs in vitro because it can reduce the size of drug
particles (Miranda et al., 2018; Pattekari and Kulkarni, 2017; Volpe-
Zanutto et al., 2022). Hardness testing for the drug reservoir features
was necessary because it is one of the crucial factors that needed to be
taken into account for physical resistance during handling and distri-
bution. The drug reservoir must complement the minimum liquid me-
dium provided by the hydrogel-forming microneedle (Donnelly et al.,
2014). Consequently, the reservoir should not be overly firm or soft. The
percentage of S5G ed was 2 %, 4 %, and 6 % (R1, R2, and R3,
respectively) since it was within the concentration range allowed in a
formulation with a particular function of excipient used (llandbook of
J’h@ccuticn] Excipients, n.d.}.

The results of the reservoir tablet hardness test are shown in Fig. 4A,
with the hardness values of R1, R2, and R3, respectively, are 19.67,
13.33, and 24.33 N/cm?. Significant variations (p < 0,05) between R2
and B3 were revealed by statistical analysis. None of these formulations,
however, meet the standard for tablet hardness (around 30 N/cm?)
(Chono et al., 2017; Ibrahim et al., 2018). The concentration of dis-
integrants utilized in this investigation may have an impact on such
occurrences. Earlier work demonstrated that adding S5G can make gli-
mepiride tablets harder (I1ar PrasadM, 2012). Thisstudy’s findings were
consistent with that source.

The tablet reservoir with the best dissolution time was identified
through measurement of the dissolution time. The ex vivo permeation
test’s dissolution time study is associated with the pace at which the
drug diffuses into the aqueous medium from the reservoir, which has
become a crucial metric (Afifi, 2015). In Fig. 4B, the dissolution rates of
R1, R2, and R3 were contrasted with the result of R1, R2, and R3
dissolution times, respectively, which were 27, 17, and 139 s !, which
has a significant difference (p < 0,05) upon statistical analysis. This
result is synergistic with the hardness test result because the greater the
hardness of the tablet, the longer it will take to dissolve (Oshi, 2013).
This phenomenon could be caused by S5G causing an increase in
disintegration time at higher concentrations because it forms a viscous
barrier that prevents water from penetrating the formulation (Desai
etal., 2014). SSG’s purity is also crucial and has an impact on how well it
breaks down. As a byproduct of the production of $5G, sodium chloride,
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glycolate, citrate, and sodium acetate impurities are created. Nitriles,
nitrates, and monochloroacetate are a few of the pollutants in S5G that
may be reactive. Weakly basic drugs may compete with the sodium
counter ion in S5G by binding to the surface of the disintegrant particles
(Narang et al., 2012; Wu et al., 2011).

3.4. Drug content recovery

The assay of SC was essential to ensure that no interactions were
formed between SC, the super disintegrant, and the tablet filler that
could affect the stability and concentration of SC in the reservoir form.
Based on Fig. 4C, it was obtained that the percentage of drug recovery
was 98.73 £ 1.60 %, 99.65 + 2.76 %, and 99.30 + 3.71 % for R1, R2,
and R3, respectively. In accordance with the guidelines issued by the
ICH (International Conference on Harmonization), the percentage of
good drug recovery ranges from 95 to 105 % (Walfish, 2006). According

to earlier research, SC was stable and hydrolyzed in acidic and alkaline
environments, with a recovery percentage of =90 % (Bozdogan et al.,
2020). The results showed that the formulation of SC into tablet reser-
voir form did not affect the concentration of SC. Additionally, the value
of drug recovery, which is in the acceptable range, ensured that SC was
evenly distributed and showed good homogenity of the tablets.

3.5. Xray diffraction (XRD) and Fourier transform infrared spectroscopy
(FTIR)

The tablet reservoir underwent an XRD analysis to identify the
crystallographic structure of the SC and the developed reservoir.
Through the peaks formed on the diffractogram (Fig. 5B), it could be
seen that in pure SC, there was a sharp peak in the range of 12-15°,
while in the tablet reservoirs R1, R2, and R3, the peak decreased in
sharpness which explained the reduction of SC's particle size (Sac Yoon
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et al., 2015). The grinding of the drug and super disintegrants caused a
reduction in particle size at the time of tablet making. On the other hand,
at 20-25°, the peak intensity increases in the three reservoirs and in-
dicates an increase in the number of certain elements in the reservoir.
Compared with the Avicel PH102 diffractogram reference, the increase
in the peak was probably caused by the presence of Avicel PH102, which
had a distinctive peak in that area. Peak intensity was also discernible in
the physical composition and shape of the tablet reservoir, indicating
that SC in the formula had started to change into an amorphous state
that was more soluble and more suitable for distribution.

According to the results, there are no interactions between the
medicine and the reservoir under study, which were the sum of each
component spectrum. Therefore, it is reasonable to believe that S5C's
homogeneous dispersion inside the polymer matrix blends, rather than
H-bonds forming between functional groups of the research compo-
nents, was what caused the drug amorphization seen by the XRD anal-
ysis. It can be inferred from the reservoir XRD data that the drug's
crystallinity has either diminished or changed from crystalline to
amorphous due to the peak intensity diminishing or disappearing. Peak
intensity was reduced in the following order: R3, R1, and R2. These
findings were in agreement with the previous section’s discussion of the
hardness and rate of dissolution.

HFM analysis using FTIR was carried out to determine the in-
teractions between polymers and crosslinking agents, such as the for-
mation of new functional groups due to crosslinking reactions. The IR
spectrum of the HFM (Fig. 5A) showed that at the wave number of
3200-3400 cm™, there was a broad —OH stretching, which indicates
the presence of polymeric OH stretch originating from PVA. In addition,
there is also a peak in the area of 1650-1700 cm™ ! which indicates that
ﬂler a carbonyl group (C—0) formed as a result of the esterifica-
tion reaction between the OH group on PVA and the —COOH group on
CA. The IR spectrum of the crosslinked HFM shows that the intensity of
the OH group decreases with increasing crosslink time, which explains
that heating time could accelerate the esterification process and make
more OH groups that form carbonyl bonds (Anjani et al., 2021). The SC
tablet reservoir was analyzed using FTIR to confirm the presence of SCin
the tablet reservoir. The pure SC IR spectrum (Fiz. 5A) showed that SC
had a characteristic sharp peak in the area of 1650-1700 cm™ ", which
indicates the presence of the —COOH group of the citrate ion in SC. In
addition, there was a peak with moderate intensity at a wave number of
about 2400 cm ™!, indicating the presence of an OH stretch originating
from the carboxylate group. All of these peaks were also detected in
reservoirs R1-R3 confirming the presence of SC.

After crosslinking, the HFM binding was also examined using FTIR
analysis. The IR spectra of the HFM polymers (PVP and PVA) and the
HFM physical mixture were displayed in Fig. 5A. The hygroscopic
character of PVP and the profusion of —OH groups in its structure were
shown by the existence of very broad bands in the PVP spectra between
3000 and 3600 cm™! (el Maghraby and Elsergany, 2014). The strong
peaks at 1658 cm ™!, which are attributed to the carbonyl group, and the
broad and strong bands at 2800-3200 em !, which indicate the N—H
stretching in the structure, were also discovered (el Maghraby and
Elsergany, 2014; Nakamoto, 2006). The IR spectra of PVA showed the
same —OH and carbonyl peaks. In contrast to the polymers, the IR
spectra of the HFM's physical mixture displayed diminished peaks for
the carbonyl and stronger peaks for the —OH bands, demonstrating the
mixing of the polymers.

We may infer that the peaks have still been conserved by comparing
the IR spectra of HFM before and after crosslink, demonstrating an intact
molecular structure. However, a rise in specific peaks or regions indi-
cated that crosslinking occurred between the polymers found in the
HFM. CA was used to crosslink PVA chains, which caused PVA to lose
hydroxyl groups (—OH) and gain carbonyl groups (—C—0) as a result of
the esterification reaction (ester formation) (Nakamoto, 2006).
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3.6. Ex vivo permeation study

To evaluate SC's permeation from tablet reservoir formulas con-
taining different percentages of S5G through the HFM's matrixes, ex
vivo permeation studies were conducted. The prepared skin used in this
study has a thickness of 0,40 mm. P1 was selected to move forward with
the ex vivo permeation study because it is preferable due to its swelling
and HFM characteristics. The permeation of different HFM formulas on
each reservoir was shown in Fig. 6A-C. The results showed that after 24
h, 23.61 + 1.31 %, 12.54 + 0.35 %, and 12.36 + 0.63 % of S5C perme-
ated from HFM formula F1, F2, and F3, respectively, when combined
with reservoir R1 (Fig. 6A). Following statistical analysis using One-Way
ANOVA, it was discovered that F1 and two other HFM formulas (F2 and
F3) differed significantly (p < 0,05) from each other. When combined
with reservoir B2, the amount of SC permeated from F1, F2, and F3 were
2412 + 0.92 %, 23.90 £+ 0.13 %, and 12.20 + 0.24 %, respectively
(Fig. 6B). Furthermore, the flux values are shown in Table 3. Statisti-
cally, no significant difference was found between F1 and F2 (p = 0,05).
Furthermore, combination with reservoir B3 resulted in 15.84 + 0.12 %,
9.76 £ 0.43 %, and 9.12 + 0.31 % of 5C permeated through F1, F2, and
F3, respectively (Fig. 6C). Statistically, no significant differences were
found between F2 and F3 (p = 0,05). The result obtained from all res-
ervoirs formulation showed that the HFM formula with 50 min of
crosslinking time (F1) had the highest percentage of SC permeated. The
statistical difference between F1-R1 and F1-R2 was not significant (p >
0,05). Therefore, F1 and R2 combination was deemed the best formula
since it has the highest percentage of SC permeated.

The results were in correlation with the reservoirs and HFM char-
acterization data. The ability of the F1 formulation to swell was in favor
with the amount of SC's permeated through the hydrogel matrix. Pre-
viously, it has been stated that the crosslinking time affects the swelling
ability of the HFM where the F1 formulas containing 5 % b/b of PVP, in
addition to 15 % b/b of PVA and 1,5% b/b of CA, were able to absorb
more medium into its hydrogel matrix, proven by the highest swelling
percentage obtained (as compared to other formulas). After being
inserted into the skin, the HFM will swell due to the interstitial skin fluid
being absorbed, permitting SC from the reservoir to permeate through
the HFM's matrix with passive diffusion. The swelling abilities ulti-
mately lead to better drug diffusion through HFM's matrix (Donnelly
et al., 2012; Turner et al., 2020). In addition, reservoir R2, which con-
tains 4 % bs/b of S5G, facilitated faster tablet dissolution. A possible
explanation for the result of reservoir B3 might be related to the S5G's
concentration incorporated into the tablet, as SSG at greater concen-
trations lengthens the time required for disintegration because it forms a
viscous barrier that prevents water from penetrating the formulation
(Desai et al., 2014).

The permeation profile of the F1-R2 combination was more likely to
follow a biphasic model since the coefficient correlation (R?) value ob-
tained from the first 8 h was 0.9772 for the Korsmeyer-Peppas kinetic
model followed by a slight increment at 24 h. In light of non-fickian
mechanisms, it is used to characterize drug release from a polymeric
structure (Heredia et al., 2022). The model is helpful when the release
mechanism is unclear or when several different drug release phenomena
were at play. A number of mass transport phenomena occur when a
porous polymer system made by compressing two solids into powder
comes into contact with water. This system contains drugs. The first drug
diffusion is controlled by the solute’s dissolution in the water-filled
pores and by its constant diffusion in water. Next, the pores close to
the matrix’s surface are filled with water (Korsmger et al., 1983).

3.7. Hemolytic assay

The toxicity of any newly created pharmaceutical product must be
examined. One of the earliest techniques for determining toxicity was
the hemolytic assay (Permana et al., 2019b). This test was conducted to
examine the formulation's preliminary toxicity, biocompatibility, and
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Table 3
Ex vivo permeation parameters of reservoirs combined with HFM F1.
Permeation R1 R2 R3
Parameters
Flux at 24 h (pg,.r‘cm". 1703.74 + 1287.32 + 585.10 +
h) 61275 478.80 201.54

safety toward erythrocytes. This study examined the formulations for
their capacity to induce hemolysis. The hemolytic assay findings
(Fig. 6E) revealed that no hemolytic was seen (once calculated, 0 % of all
formulas). Prior research suggested that hemolysis percentage values
under 5 % were safe (Deshmukh et al., 2018). The findings unequivo-
cally demonstrate the safety of using this preparation at the tested
concentrations.

Finally, an innovative alternative treatment for PAH patients was
created using an HFM and tablet reservoir combination for the first time.
The overall findings indicated that this dosage form had a higher po-
tential for transdermal bioavailability. Additionally, it has been
demonstrated that this combination is non-toxic. However, drug
development for this dosage type was still in its early stages. In order to
assess the plasma drug concentration and establish the desired dosage,
an additional in vivo study is required.

4. Conclusion

The PVA and PVP polymers, in addition to CA as a crosslinking agent,
were used to successfully develop the HFM that was integrated with the
tablet reservoir. When used to test HFM, swelling, mechanical, and
insertion properties showed that the chosen matrix could produce
powerful HFM and swell swiftly in the presence of interstitial fluid in the
skin. Additionally, the constructed tablet reservoir was assessed for
hardness, dissolution rate, XRD, and FTIR features, demonstrating that
the reservoir has adequate resistance for handling and that using SSG of
4 % concentration was the best option to promote its solubility. The
combination of these two forms was non-toxic, according to the findings
of hemolysis study. Additionally, increasing SC bioavailability in treat-
ing pulmonary arterial hypertension is another benefit of this
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