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A B S T R A C T   

Erectile dysfunction (ED) is a disorder that often occurs in men worldwide. One of the drugs used as the first-line 
therapy for erectile dysfunction is sildenafil citrate (SC). Unfortunately, SC was commonly found in oral, in-
jection, and transdermal dosage forms with some limitations, mainly related to low oral bioavailability caused by 
the occurrence of first-pass metabolism in the liver, and poor patient comfort and compliance. Therefore, it was 
essential to develop dosage forms to overcome these limitations. We developed hydrogel-forming microneedles 
(HFM) that can facilitate transdermal delivery of SC by penetrating the stratum corneum. HFM was made using 
polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP) as polymers and several variations of tartaric acid as 
crosslinking agents. The evaluation of swelling properties, mechanical resistance, and penetration ability showed 
that the HFM produced had good insertion properties and swelling capabilities ranging from 300% to 700%. This 
HFM was designed to be integrated with a polyethylene glycol (PEG) reservoir prepared using several types of 
PEG with different molecular weights. The ex vivo permeation study showed that up to 80% of SC (equivalent to 
20.2 ± 0.29 mg/mL) was delivered transdermally from this combined dosage form. For the first time, SC has 
been successfully developed into an HFM that was integrated with a PEG reservoir which was non-irritating, safe, 
and painless. It also had promising results for increasing the effectiveness of ED therapy.   

1. Introduction 

Erectile dysfunction (ED) is a type of sexual disorder in men defined 
as the inability to achieve and maintain a sufficient erection for satis-
factory sexual intercourse [1]. Usually associated with normal aging and 
illness, ED has affected up to 150 million men worldwide, with the 
prevalence and incidence being relatively higher in men over 40 years of 
age [2–4]. The prevalence of ED varies significantly in Asia, ranging 
from 2% to 81.8%. Specifically, the prevalence of ED in Indonesia has 
been reported to be 11% [5]. Even though ED has been generally 
considered not life-threatening, this condition was vital to treat because 
it significantly impacts the patient’s quality of life, with one of the 
consequences being the loss of self-confidence and even depression [1]. 
In addition, ED can be a sign of other undiagnosed conditions, such as 
hypercholesterolemia and diabetes mellitus, and precede the manifes-
tation of coronary artery disease within 3–5 years [6,7]. 

Among treatments available for ED, orally administrated 
phosphodiesterase-5 inhibitor (PDE5-I), such as sildenafil citrate (SC), 
has been a popular option due to their high efficacy, low cost in terms of 
patient convenience, as well as minimal side effect profile [6,8]. PDE5-I 
works by competitively inhibiting the PDE5 enzyme (responsible for the 
degradation of cyclic guanosine monophosphate (cGMP)), increasing 
the concentration of cGMP, which causes vasodilation, increased blood 
flow to penile tissue while promoting smooth muscle relaxation [4,9]. 
However, there were several drawbacks associated with the oral route of 
SC, namely its low bioavailability and slow onset of action due to the 
first-pass effect metabolism [10,11]. On the other hand, injection by the 
parenteral route may cause discomfort to the patients and requires 
professional skills [12]. Several studies have developed transdermal 
delivery systems for SC that would bypass the effects of first-pass 
metabolism and allows sustained drug release [13–16]. However, drug 
permeation was hindered by the stratum corneum [17]. 
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To overcome the abovementioned issues, microneedle (MN) array 
technology was considered the appropriate approach. MN consists of 
micron-sized needles varying from 100 to 1000 µm attached to a base-
plate. Due to their size, they can penetrate the stratum corneum to deliver 
drugs effectively without reaching the nerve and blood vessels and, thus, 
were minimally invasive (not eliciting pain or bleeding) [18,19]. 
Moreover, MN exhibited high drug bioavailability and was easy to 
self-administer. Among all types of MN, the hydrogel-forming micro-
needle (HFM) offers advantages as it has a higher drug-loading capacity 
with adjustable release rates without leaving polymeric or potentially 
toxic residues, unlike silicone or metallic MN [20]. The high 
drug-loading capacity was possible since this type of MN utilizes a drug 
reservoir attached to the baseplate’s upper side. Upon insertion into the 
skin, the needle would absorb interstitial fluid and thus be swollen, 
allowing the drug to diffuse from the reservoir down its concentration 
gradient towards the hydrogel matrix and then into the skin layer, where 
it finally reaches the systemic circulation [21]. The capabilities of HFM 
to deliver a variety of molecules and drugs have been reported [22–26]. 
Concerning the use of HFM, it has been reported to be combined with 
several types of drug reservoirs, such as lyophilized and liquid reservoirs 
[27]. 

Out of all the commonly used polymers in the formulation of the 
HFM, poly(vinyl alcohol) (PVA) and tartaric acid were chosen for 
fabricating the HFM because these polymers were safe, biocompatible, 
and have been researched extensively [28,29]. PVA hydrogel has good 
water-retaining ability and was stable to temperature variation [30,31]. 
In addition, PVA was a water-soluble synthetic polymer that has been 
employed for drug-loaded HFM fabrication in combination with other 
polymers [32,33]. Therefore, adding poly(vinyl pyrrolidone) (PVP) in 
the formulation could promote a stable form for the HFM as it has the 
advantage of good solubility in poorly soluble drugs and was hardly 
affected by pH in an aqueous solution [34]. 

This study was the first to formulate HFM integrated with poly-
ethylene glycol (PEG) solid dispersion as the drug reservoir containing 
SC for transdermal delivery. PEG could help increase the solubility and 
dissolution rate of drug substances, especially for drugs with low solu-
bilities, such as SC (4.1 mg/mL in water). Therefore, it could also in-
crease the bioavailability of SC [35,36]. This PEG solid dispersion could 
develop a rapidly dissolving reservoir to accommodate the limited 
amount of medium provided by the swollen HFM matrixes [37]. 

This study aims to develop and investigate different formulas for 
HFM to determine the potential polymers for formulating the HFM with 
the best SC permeation. Furthermore, a suitable formulation of the drug 
reservoir was also considered. The resulting system was further char-
acterized by evaluating the insertion efficacy and drug delivery capa-
bilities by ex vivo permeation studies. 

2. Materials and methods 

2.1. Materials 

Sildenafil citrate (SC) (purity, 99.99%) of analytical grade was pur-
chased from SMS Lifesciences India Ltd. (Telangana, India). Polyvinyl 
alcohol (PVA) was obtained from Sigma-Aldrich Pte Ltd. (Singapore, 
Singapore). Polyvinyl pyrrolidone (PVP) K-30 was purchased from 
Fadjar Kimia (Bogor, Indonesia). Tartaric acid, Polyethylene glycol 
(PEG) 1000, 4000, and 6000 were purchased from Merck Schuchardt 
OHG (Hohenbrunn, Germany). PEG 400 and Tween80® were purchased 
from idCHEM Co., Ltd. (Gyeonggi, South Korea). Tablet phosphate- 
buffered saline (PBS) was purchased from Dulbecco A Oxoid Ltd. 
(Hampshire, United Kingdom). Distilled water was purchased from PT 
Jayamas Medica Industri (Sidoarjo, Indonesia). All other chemicals and 
materials were of analytical grade. 

2.2. Saturation solubility study 

This study was carried out to compare the solubility of SC in various 
solvents and obtain a suitable release medium for ex vivo assays. The 
saturated solubility of SC was measured by placing various solvents and 
solvent mixtures consisting of PEG 400, Tween80®, and PBS at various 
pH in each vial of 1 mL. Furthermore, SC was added to the vial and 
homogenized with a Vortex® mixer until the solution became cloudy. 
Afterward, the vial was put in an orbital shaker (Optima® OS-752, 
Japan) at 100 rpm for 24 h at a room temperature of 37 ◦C. Finally, 
the solution was put into a small tube and centrifuged at 7000 rpm for 
15 min. The supernatant was taken and filtered with a 0.20 µm syringe 
filter, diluted with ethanol and then measured using a UV-Vis spectro-
photometer at 295.8 nm [16,38]. 

2.3. Preparation of hydrogel 

Hydrogel films were made from PVA and PVP as polymers and tar-
taric acid as the crosslinking agent (Table 1). Initially, the polymer was 
dissolved in water until homogeneous and formed a clear, viscous so-
lution. After that, tartaric acid was added and stirred until homoge-
neous. The formula was put into a centrifuge (LC-04S Centrifuge, Zenith 
Lab (Jiangsu) Co., LTD.) for 15 min at 3500 rpm to remove the bubbles 
[26]. The formula was then poured into a petri dish and dried at room 
temperature for 48 h. After drying, the HFM was crosslinked at 90̊C, 
120̊C, and 150̊C for 120 min [27,39]. 

2.4. Swelling study 

The swelling study was conducted to determine the ability of the 
hydrogel film to absorb the fluid. This study was essential because when 
the HFM was inserted into the skin, only a small amount of interstitial 
skin fluid (ISF) would be available. Thus, the hydrogel needed a large 
swelling degree to maintain the ability of HFM to swell and deliver the 
drug even though there was limited fluid that could be absorbed. This 
study was carried out by weighing the hydrogel film and then soaked in 
PBS pH 7.4, and then weighed again at the interval time of 0.5, 1, 2, 3, 4, 
5, 10, 15, 30, 60, 120, 180, 240, 300, 360, 420, 480 min and 24 h. Before 
weighing, the film’s surface was dried with paper to remove excess 
liquid. The data obtained was then calculated as the percentage of 
swelling to determine the maximum amount that could be absorbed by 
the hydrogel [27]. The swelling rate was calculated using Eq. 1, where 
m1 was the weight of the 24 h swollen hydrogel and m0 was the initial 
weight of the hydrogel [40]. 

% Swelling =
(m1-m0)

m0
× 100% (1)  

2.5. Gel fraction analysis 

The gel fraction analysis was carried out to determine the elasticity 
of the hydrogel, which indicates the percentage of gel fraction (%GF). 
The hydrogel membrane was dried in an oven at 50̊C for 24 h and then 

Table 1 
Hydrogel film formulation at various crosslinking temperatures.  

Formula Composition in water (%w/w) Crosslinking Temperature (̊C) 

F1 15% PVA, 15% PVP, 0.5% tartaric acid  90 
F2 15% PVA, 15% PVP, 1% tartaric acid 
F3 15% PVA, 15% PVP, 1.5% tartaric acid 
F4 15% PVA, 15% PVP, 0.5% tartaric acid  120 
F5 15% PVA, 15% PVP, 1% tartaric acid 
F6 15% PVA, 15% PVP, 1.5% tartaric acid 
F7 15% PVA, 15% PVP, 0.5% tartaric acid  150 
F8 15% PVA, 15% PVP, 1% tartaric acid 
F9 15% PVA, 15% PVP, 1.5% tartaric acid  
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weighed. The hydrogel membrane was soaked in distilled water for 24 h 
until it regained equilibrium swelling. The insoluble gel was dried in the 
oven at 50̊C and weighed again. The result of gel fraction (GF%) was 
determined by calculating the weight ratio between the insoluble dry gel 
weight (We) with the initial weight of the polymer (W0) by Eq. 2 [41]. 

%GF =
We

W0
× 100% (2)  

2.6. Fabrication of hydrogel-forming microneedle (HFM) 

HFM arrays were prepared using the formula in Section 2.3 . Briefly, 
0.5 g aliquot of each aqueous polymeric blend was carefully poured into 
the MN silicone moulds (needle density 10 ×10, conical shape, 700 µm 
height) and centrifuged at 3500 rpm for 15 min to remove bubbles. The 
HFM arrays were dried at 37̊C for 48 h. After drying, HFM arrays were 
removed from the moulds and heated for 2 h at 90̊C, 120̊C, and 150̊C to 
facilitate the crosslinking reaction. Upon cooling, the HFM arrays were 
packed and stored with silica gel for further testing [26,42]. 

2.7. Mechanical and insertion properties of HFM 

This study has been carried out to evaluate the physical character-
istics of HFM. Parafilm®M was arranged to form an eight-layer film as a 
validated artificial skin test model [43]. Subsequently, HFM arrays were 
attached to Parafilm®M. A weight of 3.2 kg, equivalent to a force of 
32 N/array, equitable to the strength of manual compression, was 
applied on top of the HFM for 30 s [44]. After 30 s, the HFM arrays were 
removed, and the needle height was observed using a light microscope 
(Olympus® CX23, Japan). The percentage of reduction in the needle 
height as an interpretation of mechanical strength was determined using 
Eq. 3, where H0 was needle height before compression and Hc was 
needle height after compression. 

Height reduction(%) =
H0 - Hc

H0
x100% (3) 

Insertion properties were determined by the number of holes created 
in each layer of the Parafilm®M and observed using a light microscope, 
and the deepest layer of the hole was specified [27]. 

2.8. Surface pH 

The surface pH evaluation was carried out to determine the surface 
condition of the HFM pH using a hydrogel film which was considered 
part of the HFM surface. This method was done by immersing 20 mg of 
hydrogel film in 50 mL of double distilled water and being allowed to 
stand at room temperature for 15 min. Next, the composite electrode 
was placed on the surface of the hydrogel film. The pH was measured 
after the equilibrium for 1 min [45]. 

2.9. Water vapour transmission (WVT) 

This study has been carried out to determine the stability of the 
hydrogel against humidity by measuring the water vapour transmission 
ability. WVT was evaluated by sealing glass vials containing anhydrous 
calcium chloride using hydrogel film assisted with adhesive tape. The 
vials were stored in a desiccator containing saturated potassium chloride 
solution for 14 days [45]. WVT was calculated using Eq. 4, where Vt was 
the vial’s final weight, and V0 was the vial’s initial weight [46]. 

WVT =
(Vt-V0) x film thickness

film surface area
(4)  

2.10. Moisture absorption ability (MAA) 

An MAA study was conducted to investigate the hydrogel film’s 
ability to absorb moisture from different environments, indicating % 

MAA. Initially, hydrogel film was stored in three desiccators with 
different relative humidity (RH) types. Each desiccator contains mag-
nesium chloride (33% RH), sodium nitrite (65% RH), and potassium 
sulfate (97% RH). Hydrogel film was stored for 14 days and weighed 
every 24 h. The results of this study were based on the MAA percentage 
calculated by Eq. 5 [47]. 

%MAA =
Mass of HFM in desiccator - Initial mass of HFM

Initial mass of HFM
(5)  

2.11. Preparation of PEG (polyethylene glycol) reservoirs 

The PEG reservoir was made using the modified solid dispersion 
method [27] with the compositions listed in Table 2. The PEG mixture 
was heated using an oven at 70̊C for 15 min to form a clear solution. The 
PEG mixture was removed from the oven, and the SC was added while 
mixing vigorously until homogeneous. The reservoir mixture was then 
put back into the oven for 15 min, and after that, it was poured on a 
silicone mould with a size of 100 mm × 100 mm and obtained a final 
weight of 250 mg. Lastly, the reservoir was put in the fridge (4̊C) for 
15 min to make the reservoir solid. 

2.12. Characterization of PEG reservoirs 

2.12.1. Physical properties of PEG reservoirs 
The physical properties of PEG reservoirs include hardness and 

dissolution time. The PEG reservoir hardness test was carried out using a 
hardness tester (Sotax® HT1, India). The sample was placed in the in-
strument, and the diameter of the sample was adjusted. After that, run 
the test until the damage occurs and the force required to apply the 
pressure was shown [48]. The dissolution time of the PEG reservoir was 
determined visually by dissolving the reservoir in 20 mL of PBS (pH 7.4) 
and then stirred using a magnetic stirrer at 600 rpm at 37̊C. The time 
required for the reservoir to fully dissolve was recorded as dissolution 
time [27]. 

2.12.2. Drug content recovery 
This study was carried out to ensure the drug’s stability in the form of 

a PEG reservoir by measuring the amount of SC presented in the reser-
voir. The amount of PEG reservoir equivalent to 10 mg SC was weighed 
and dissolved in the vial glass containing 10 mL of ethanol (96%) using a 
magnetic stirrer until a clear solution was obtained. The solution was 
then measured using spectrophotometry at the maximum wavelength of 
SC. The concentration obtained was then compared with the planned 
concentration and recorded as the drug content recovery. 

2.12.3. X-ray diffraction (XRD) 
The physical state of SC in the various reservoir preparations and its 

physical mixture was evaluated by an XRD study. The XRD patterns of 
all samples were determined using an X-Ray diffraction tool (Rigaku®, 
Japan) with a CuK α anode at 40 kV and 30 mA with a scan rate of 4̊/min 
from 2θ range 10–90̊ [49]. 

Table 2 
Composition of PEG reservoir’s formula.  

Composition (%w/w) R1 R2 R3 

Reservoir’s Composition 
Sildenafil citrate 10 10 10 
PEG mixture 90 90 90 
PEG Mixture Composition 
PEG 400 – – 40 
PEG 1000 25 50 – 
PEG 4000 75 50 – 
PEG 6000 – – 60  
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2.13. Fourier transform infrared spectroscopy (FTIR) 

FTIR analysis was carried out to analyze the drug’s presence and the 
interaction between SC and PEG in reservoir formulations and to 
analyze the process of crosslinking in HFM due to the change of the 
functional groups. The sample was analyzed using a spectrometer 
(Shimadzu® IR Prestige-21, Japan). The sample and 100 mg of potas-
sium bromide (KBr) were mixed in a mortar and then pressed for 5 min 
at ten tones/cm2 to form semi-transparent pellets that allow light to be 
transmitted to the detector for each measurement over the spectral 
range of 400–4000 cm-1 with 128 scans collected at a resolution of 4 cm- 

1 [50]. 

2.14. Skin preparation 

The skin was obtained from a euthanized rat that had been shaved. 
Next, the skin was washed using a PBS solution (pH 7.4), and the fat 
layer was removed. Skin thickness was measured using a digital caliper 
(Taffware® LCD-XY, Indonesia), then wrapped in aluminum foil and 
stored in the freezer (temperature of − 20˚C) for further testing. 

2.15. Ex vivo permeation study 

Ex vivo permeation studies were carried out using rats’ skin mem-
branes on Franz diffusion cells [45]. First, the rats’ skin was soaked in 
PBS solution (pH 7.4) for 10 min. Then, the skin was placed in the donor 
compartment. The HFM was inserted into the skin, with the PEG 
reservoir situated on top of the HFM. A weight of 10 g each was given 
above the PEG reservoir to avoid any shifting during the experiment. 
The medium in the receptor compartment used was Tween80 2% in PBS 
solution (pH 7.4). This test was performed at 37 ± 1˚C and stirred at 
100 rpm. Sampling from the receptor compartment was carried out 
simultaneously at intervals of 0.5, 1, 2, 3, 4, 5, 6, 7, 8, and 24 h. The 
results of the samples were then analyzed using spectrophotometry at 
the maximum wavelength of SC. 

2.16. Skin integrity 

FTIR was used to assess the integrity of the skin structure to deter-
mine the impact of HFM’s application on the skin structure [45,51]. 
These studies examine the conformation of lipids and proteins in the 
epidermis. By comparing the displacement of infrared bands of the 
treated and untreated skin, it was possible to understand the changes in 
the stratum corneum brought on by the treatment [52]. After the ex vivo 
permeation study, the rats’ skin which had been removed from the 
compartment, was washed and analyzed with FTIR. The comparison of 
treated skin with untreated skin used as a control was also investigated. 

2.17. Hemolytic assay 

A hemolytic assay was performed using red blood cells from rats as 
an initial toxicity screening for the developed preparation. First of all, 
blood was centrifuged at 2000 rpm for 20 min. After that, plasma was 
collected, and red blood cells were washed using PBS 3 times to obtain a 
clear supernatant. The red blood cells that had been centrifuged were 
then added with PBS to a final concentration of 10%v/v. The test sample 
was diluted using PBS and made in three concentration levels, namely 
500, 50, and 5 ppm. For every 900 µL of the sample, 100 µL of red blood 
cell suspension was added and incubated at 37̊C for 60 min. In addition, 
positive control was also made using aquadest and a negative control 
using PBS. After incubation, the solution was centrifuged at 7000 rpm 
for 10 min, and the supernatant was sampled and measured using a UV- 
Vis spectrophotometer at 540 nm [16,45,53]. The hemolytic percentage 
of each formula was calculated using Eq. 6. 

%Hemolytic =
Sample absorbance - Negative control absorbance

Positive control absorbance - Negative control absorbance
× 100%

(6)  

2.18. Statistical analysis 

GraphPad Prism® version 8.0 was used for statistical analysis 
(GraphPad Software, San Diego, California, USA). Except when other-
wise noted, all experimental results were provided as means and stan-
dard deviation (SD). The analysis of variance (ANOVA) in One-Way was 
performed to compare different groups. Statistical significance was al-
ways indicated by a value of p < 0.05. 

3. Results and discussion 

3.1. Saturation solubility study 

SC belongs to the BCS class II group, which has poor solubility and 
good permeability [54]. SC requires surfactant to increase its perme-
ability through the skin [16]. Thus, the determination of saturated sol-
ubility was carried out to determine the concentration and type of 
surfactant with the greatest solubility value to be used as a combination 
for the dissolution media. Surfactants can increase the dissolution of 
poorly water-soluble drugs in two ways, either by lowering the surface 
tension of the solid drug to increase the surface area available for 
dissolution or by increasing the solubility of the drug [55]. The results 
obtained can be seen in Table S1, which shows that the highest solubility 
was obtained from the combination of PBS pH 7.4 with Tween80 2% 
(770.2 ± 8.2 µg/mL), while the lowest solubility was obtained from PBS 
pH 6.8 (16.42 ± 0.31 µg/mL). Tween80 was considered a suitable 
co-solvent because of its high drug solubility and low risk of skin toxicity 
[16]. Therefore, it was used to enhance the solubility of the drug during 
the ex vivo permeation study because of its suitable surfactant 
properties. 

3.2. Preparation of hydrogel and swelling studies 

Crosslinking was a process of creating a swellable polymer structure 
involving hydrogel groups of polymer chains in a reaction with func-
tional groups of crosslinkers, creating a crosslinked structure [39]. With 
respect to the crosslinking agent used, tartaric acid was a famous 
crosslinking agent with two CH2 groups, each bearing one -OH group 
that could form crosslinking structure by the esterification reaction. 
Therefore, the swellable structure was possible by using PVA as the 
hydrogel polymer, which water absorption ability was due to its large 
number of -OH groups [39]. The addition of PVP in the formula aims to 
provide a structural backbone to hydrogel-forming microneedles, pro-
moting mechanical properties [34]. In the preliminary study, we 
determined the fixed amount of PVA and PVP used in the formulation 
before subjecting it to 9 different formulas with variations in tartaric 
acid concentration as the crosslinking agent and varying the crosslinking 
temperature (Table 1). 

As presented, the result showed that films prepared with 0.5% w/w 
tartaric acid (F1) had the highest swelling percentage when compared to 
the films prepared with 1% w/w and 1.5% w/w tartaric acids (F4 and 
F7, respectively) under a crosslinking temperature of 90 ◦C (Fig. 1A). 
However, as shown in Figs. 1B and 1C, the highest swelling percentage 
under the crosslinking temperature of 120 ◦C was achieved by the films 
prepared with 1% w/w tartaric acid (F5). In contrast, under the cross-
linking temperature of 150 ◦C, the highest swelling percentage was 
achieved by the films prepared with 1.5% w/w tartaric acid (F6). Upon 
statistical analysis using One-Way ANOVA, it was found that there was a 
significant difference in each of the three conditions tested (p<0.05). 

The hydrogels’ swelling profile affected the solute’s mechanical 
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characteristics and diffusivity and was influenced by the crosslinker 
ratio, polymer, and crosslink temperature [20,27]. This result showed 
that the concentration of crosslinker and the crosslinking temperature 
affect the swelling ratio of the hydrogel films. This result was the same as 
previous study, which was expected since increasing these two param-
eters could increase the degree of crosslink between PVA chains and 
tartaric acid [56]. The higher the crosslinker agent, the lower the 
swelling properties may be achieved. Increasing the crosslinker con-
centration increases the binding of the polymers involved. Hence, the 
amount of water trapped inside the polymer network decreases, which 
causes a low swelling ratio [56]. In this case, the lower swelling degree 
of the highly crosslinked network was caused by the restriction of 
polymer chain movement. 

Moreover, the swelling ratio was affected by temperature change, 
where increasing the temperature also increases the swelling ratio [57]. 
This phenomenon happens as an increase in kinetic energy for the re-
agents promoted by the high temperature causes an increase in water 
volatilization from the reaction system, which facilitates the esterifica-
tion reaction. However, further increasing the temperature could form 
parts of the dense structure in the polymer, which deteriorates the 
hydrogel’s swelling abilities [58]. 

By comparing the F1, F5, and F6 statistically, it was found that the 
swelling percentages between the three formulas were significantly 
different (p<0.05), with the value of the swelling percentage, were 
728,97 ± 1,30%; 399,88 ± 2,05%; and 384,07 ± 24,26%, respectively. 

3.3. Gel fraction 

The gel fraction study indicates the number of crosslinks between the 
polymers in the hydrogel, which affects the elasticity of the hydrogel 
[59]. The results of the gel fraction study were shown in Fig. 1D. It was 
found that decreasing the crosslinking agent concentration and 
increasing the temperature could increase the gel fraction according to 
F7, which had the lowest concentration of crosslinking agent (tartaric 
acid 0,5% w/w) and the highest crosslink temperature (150˚C). The 

addition of the concentration of tartaric acid (crosslinking agents) can 
increase the strength of the crosslinks, which causes decreased elasticity 
and elongation to break off the membranes [41]. Moreover, the tem-
perature can also affect the gel fraction. As a cause of water evaporation 
at higher temperatures, the gel formed was smaller due to the primary 
chain’s kinetics length shortage (which was affected by radical poly-
merization). Thus, the number of monomers with double bonds per 
chain decreases. In conclusion, the phase separation and cell formation 
were delayed since the probability of chain integration into the network 
decreased [60]. 

3.4. Fabrication and characterization of HFM 

Previous studies have shown that the combination of PVA, which has 
the -OH group, and PVP, which has the C––O group, can increase the 
mechanical strength of microneedles due to the formation of hydrogen 
bonds between them [61]. In addition, as a crosslinking agent, tartaric 
acid bind to the -OH group through an esterification reaction and 
strengthen the HFM matrix [39]. The results showed that all the pre-
pared HFM exhibited a homogeneous blend. The morphology of HFM 
was observed using a light microscope, and the representative image in  
Fig. 2A reveals that the HFM formed a sharp needle tip. All HFM for-
mulations produced needles height at around 700 µm, allowing the drug 
to release through the epidermis into the dermis as the epidermis has a 
thickness of up to 180 µm. These HFM formulations would stay in the 
middle of the dermis and cannot go deep into the nerve to cause pain 
[62]. 

Mechanical strength was evaluated to determine the resistance of 
HFM to compression forces when applied to 8 layers of Parafilm®M. 
Needles morphologies from this assay were presented in Figs. 2A and 2B. 
In addition, the percentage of HFM needles height reduction from all 
formulations was shown in Fig. 2D. HFM with crosslinking degree at 90̊C 
has the highest percentage of needle height reduction among other 
HFM, which can be caused by lower crosslink temperatures resulting in 
the formation of HFM materials that were much softer than other HFM 

Fig. 1. Swelling behaviour of hydrogel film with different crosslink temperatures on each formula, namely 90̊C (A); 120̊C (B);150̊C (C); and percentage of gel fraction 
on each formula (D). 
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[27,63]. HFM with the crosslinking temperature of 120̊C and 150̊C had a 
percentage value of needle height reduction of < 10%. However, it was 
found that the crosslinking temperature of the 150̊C group, when 
compared to the 120̊C group, resulted in a higher percentage of needle 
height reduction. Statistically, the values were not significantly different 
(p > 0.05). This result indicates that these HFM formulas had adequate 
mechanical strength, hence, their capability to resist a compression 
force [64]. 

Insertion properties were evaluated to find out the capability of HFM 
to penetrate the artificial skin test model to ensure that HFM penetrates 
the stratum corneum to deliver the drug. As presented in Fig. 2E-G, all 
HFM formulas were inserted into the first two layers of Parafilm®M, but 
only formulas with crosslinking degrees at 120 ◦C and 150 ◦C can 
penetrate to the fourth layer of Parafilm®M which was equivalent to 
504 µm (Parafilm®M layer thickness = 126 µm) or 72% of the total 
needle height. The increase in crosslinking temperature in formulas with 
the same concentration of tartaric acid showed an increase in the 
number of holes created on Parafilm®M. This exhibit that increasing the 
crosslinking temperature can increase the insertion properties of HFM 
because the HFM matrix formed becomes denser and stronger [27,63]. 
The best insertion property was obtained by crosslinking temperature 
150̊C, which penetrated the fourth layer with more holes created. 

Statistical analysis found no significant differences between the number 
of holes created in the fourth layer of groups in crosslinking tempera-
tures of 120̊C and 150̊C (p<0.05). Hence, HFM with crosslinking tem-
peratures of 120̊C was preferable due to less heat energy required to 
form good HFM and skin insertion properties (Fig. 2C). 

3.5. Surface pH 

Surface pH was a parameter representing the skin’s function, 
including the stratum corneum. When the pH was not suitable for the 
skin’s surface pH (normally 4–5.5), it can cause irritation and discomfort 
to human skin [45,65]. The results of the surface pH evaluation were 
shown in Fig. 3A. Based on the evaluation of the F4, F5, and F7 formulas, 
the surface pH values are 5.32 ± 0.49, 5.11 ± 0.52, and 5.03 ± 0, 39. 
The surface pH values obtained by each formula were not significantly 
different (p > 0.05) and showed that the HFM formulas were 
non-invasive and non-irritant to the skin. 

3.6. Water vapour transmission 

WVT was evaluated to determine the stability of the hydrogel against 
humidity by measuring the water vapour transmission ability. After 14 

Fig. 2. Representative microscopic view of HFM (4x magnification) before (A) and after (B) penetration through Parafilm® M; representative image of rats’ skin after 
insertion of HFM (C); comparison of mechanical strength of HFM prepared (means + SD, n = 3) (D); penetration ability of HFM on each crosslink temperature 
namely 90̊C (E); 120̊C (F);150̊C (G). 
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days, transmission rates were 0.45 ± 0.03, 0.54 ± 0.05, 0.59 ± 0.05 μg. 
cm/cm2 for F4, F5, and F6, respectively. Statistically, the increase in 
WVT was not significantly different (p > 0.05). These results indicate 
lower WVT values than a previous study [66]. Hydrogel film with low 
WVT values, i.e., low water vapour loss capability, could indicate the 
long-term stability of HFM [45]. 

3.7. Moisture absorption ability 

One of the important evaluations of HFM was the ability to absorb 
moisture from the environment, which affects the mechanical strength 
of HFM [45]. Based on Fig. 3C-E, the increased RH value was followed 
by an increase in the water absorption ability of HFM for 14 days, which 
had a value of < 10%. The formula with the highest concentration of 
tartaric acid was found to have the highest water absorption ability. This 
was due to the tartaric acid compound having the -COOH functional 
group, which increases the hygroscopicity of HFM. This was also fol-
lowed by increased ability to absorb water in the air [67]. Therefore, the 
addition of tartaric acid concentration can affect the moisture absorp-
tion ability of HFM. 

3.8. Preparation and physical properties of PEG reservoirs 

Based on the preliminary study (Fig. S1 and Table S2), we compared 
several types of PEG with different molecular weights, namely PEG 400, 
1000, 4000, and 6000. The three best formulas (Fig. 4A-C) show more 
optimal hardness and dissolution time than other PEG mixtures 
(Table 2). Hardness testing was necessary for the drug reservoir prop-
erties as the drug reservoir has to accommodate the minimum liquid 
medium provided by the hydrogel-forming microneedle [37]. Reser-
voir’s hardness was the main factor that needed to be considered for 
physical resistance during manufacturing and transportation. Therefore, 
the reservoir must not be too hard or too soft. As shown in Fig. 4H, the 
hardness of the reservoir found was 29,33 N/cm2, 24,67 N/cm2, and 
19 N/cm2 for R1, R2, and R3, respectively. The results showed that an 
increase in the concentration of PEG 1000 proportions caused a decrease 
in the mechanical strength of the reservoir. The reservoir containing 
25% PEG 1000 in R1 was significantly stronger (p<0.05) than all other 

reservoirs containing higher PEG concentrations. The R3 has the lowest 
hardness because it contains PEG 400, which has the lowest molecular 
weight compared to other types of PEG, affecting the hardness. The 
hardness of the PEG reservoir was influenced by the molecular weight of 
the PEG used. The greater the molecular weight, the harder the resulting 
reservoir [27]. According to previous studies, a hardness of around 30 N 
was a criterion for directly compressed tablets [68,69]. Therefore, the 
value was used as one criterion to achieve optimum reservoir 
formulation. 

The dissolution time was carried out to determine the PEG reservoir 
with the most optimal dissolution time. A comparison of the dissolution 
times of R1, R2, and R3 was shown in Fig. 4G. The results revealed that 
different combinations of PEG 1000 and PEG 4000 were used to 
generate reservoirs to accommodate SC drugs. With regard to the 
dissolution time, it was observed that an increase in the concentration of 
PEG 1000 was followed by a significant decrease (p<0.05) in the 
dissolution rate. The increase in the dissolution rate of SC was due to the 
reservoir containing solid dispersion of PEG or a hydrophilic polymer 
that plays a vital role in increasing the dissolution and bioavailability of 
poorly soluble drugs [70]. The molecular weight of the polymer can 
affect drug dissolution, and PEG 1000 has a lower molecular weight than 
PEG 4000. Increasing the polymer’s molecular weight can decrease the 
drug’s solubility [71]. These results indicate that the reservoir dissolu-
tion time highly depends on the proportion of PEG 1000 and PEG 4000. 

3.9. Drug content recovery 

The drug recovery study was carried out to determine the amount of 
drug content contained in the reservoir. The results of the study show 
that all reservoir formulas contain more than 98% SC, which can be seen 
in Fig. 4I. These results met the requirements because the chemical re-
quirements of the SC preparation were determined based on the drug 
content of not less than 98% and not more than 102% of the labeled 
amount of sildenafil [72]. Previous reference results explained that SC 
was stable and hydrolyzed under acid and alkaline conditions with a 
recovery percentage of more than 90% [73]. 

Fig. 3. Surface pH (A), water vapour transmission (B), also moisture absorption ability at RH 33% (C), RH 65% (D), and RH 97% (E) for all selected HFM formulas.  
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3.10. X-ray diffraction (XRD) and fourier transform infrared 
spectroscopy (FTIR) 

The XRD analysis on the PEG reservoir was carried out to determine 
the crystalline properties formed after the SC turned into a solid 
dispersion. The SC’s crystal properties determine the SC’s solubility 
through the form of the PEG reservoir [49,74]. In the results of the 
diffractogram, which can be seen in Fig. 4D, pure SC had a lot of sharp 
peaks, indicating that many developed crystalline forms were found in 
the material. At the same time, the PEG reservoir shape and its physical 
mixture showed peak intensity, indicating that SC in the formula started 
to reach an amorphous form that was easier to dissolve and better 
delivered due to increased solubility. 

FTIR spectroscopy was utilized for further characterization to assess 
whether any interactions occurred between the drug and the reservoir. 

The IR spectra of pure SC and reservoirs which contains SC were shown 
in Fig. 4E. The characteristic of the SC’s IR spectra was the presence of 
-COOH groups at 1701 cm-1 as a result of the citrate-ion presence [75]. 
Hydrogen bonds were numerous in SC complexes, usually shown as 
enlargement in the 2700–3600 cm-1 region where C-H and N-H 
stretching vibrations were detected [76]. As for polyethylene glycol 
(PEG) has a broad peak at around 3400–3500 cm-1, indicating the 
abundance of -OH groups in the PEG structure [77]. As seen in the 
figure, all the observed reservoirs had peaks at 1701 cm-1, which 
confirmed the presence of SC in the PEG reservoirs. The results, which 
were the sum of each component spectra, show no interactions between 
the drug and the reservoir studied. Therefore, rather than H-bonds 
forming between functional groups of the components under study, it 
may be believed that the drug amorphization detected by the XRD 
analysis was caused by SC’s homogenous dispersion within the polymer 

Fig. 4. The physical appearance of PEG reservoirs R1 (A), R2 (B), and R3 (C), respectively; the X-ray Diffractograms (D) and FTIR spectra (E) of pure SC, PEG 
reservoirs and its physical mixture; FTIR spectra of HFM and its composition (F); dissolution time (G); hardness (H); and drug content recovery of PEG reservoir 
(mean ± SD, n = 3). 
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matrix blends. From the diminishing or removal of peak intensity 
observed in reservoir XRD data, it can be concluded that either the drug 
crystallinity had decreased or it had changed from crystalline to amor-
phous. The order of reduction of the peak intensity observed was 
R3-R2-R1. This might be due to the difference in the molecular weight of 
the PEGs combination used in the reservoir. The increase in molecular 
weight of PEG can promote the solubility of the drug [78]. These results 
also correlated with the hardness and dissolution time discussed in the 
previous section. 

FTIR Analysis was also utilized to examine the HFM binding after 
crosslinking. Fig. 4F showed the IR spectra of the HFM polymers (PVP, 
tartaric acid, and PVA) as well as the physical mixture of the HFM. The 
PVP spectra showed the presence of very broad bands at 3000–3600 cm- 

1, indicating the hygroscopic nature of PVP by the abundant presence of 
-OH groups in its structure. The more -OH groups present in a material 
could indicate an increased hygroscopicity of that material [79]. 
Another characteristic was found as it shows the strong and broad bands 
at 2800–3200 cm-1, indicating the N-H stretching in the structure and 
the strong peaks at 1658 cm-1, which attributes to the carbonyl group 
[80]. The same -OH and carbonyl peaks were also observed in the IR 
spectra of tartaric acid and PVA. In contrast to the polymers, the physical 

mixture of the HFM’s IR spectra showed reduced peaks of the carbonyl 
and sharper peaks for the -OH bands, showing that the polymers have 
been mixed. 

By contrasting the IR spectra of HFM before and after crosslink, we 
could deduce that the peaks have still been preserved. Those peaks 
indicated that before and after crosslink, the same functional groups 
remain, and the HFM might have a similar structure. However, an in-
crease in certain peaks/areas showed that crosslinking has occurred 
between the polymers present in the HFM. Crosslinking of PVA chains 
with tartaric acid resulted in the reduction of hydroxyl groups (-OH) in 
PVA and an increase in the carbonyl groups (-C––O) due to the esteri-
fication process (ester formation) [81]. Compared to the spectra of HFM 
before crosslink, the increased intensity of -C––O peaks at around 
1633 cm-1 indicates that crosslinking has occurred [39,82]. However, an 
increase was observed in the peak intensity at around 3200 – 3500 cm-1. 
It could be explained as either a result of the -OH groups from the tar-
taric acid molecules, which could contribute to form a bond with 
one-end -OH groups, increasing the amount of free-tailed -OH mole-
cules, or the presence of residual water content, which prevents to 
extract further conclusions from these graphs [81]. 

Fig. 5. Ex vivo permeation results on each crosslink temperature, namely 90̊C (A); 120̊C (B); 150̊C (C) with each reservoir; comparison of the permeation study of 
HFM5-R3 dan plain hydrogel F5-R3; the microscopic appearance of HFM before ex vivo test (4x magnification) (D); the microscopic appearance of HFM after ex vivo 
test (4x magnification) (E); macroscopic comparison of HFM before ex vivo (F right) and after ex vivo (F left). 
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3.11. Ex vivo permeation study 

An ex vivo permeation study was carried out to determine the ability 
of the combination of PEG and HFM reservoirs to penetrate the stratum 
corneum and facilitate SC delivery to the systemic circulation. It should 
be noted that in this approach, the drug was not contained in the HFM. 
The drug contained in the PEG reservoir was attached on the top of HFM 
following the insertion of HFM in the skin. When inserted into the skin, 
HFM absorbs interstitial skin fluid, thereby expanding and allowing SC 
from the reservoir to permeate through passive diffusion. This allows the 
combination of the HFM and the PEG reservoir to form an unblocked 
channel so that the drug can continue to permeate and allow trans-
dermal delivery with extended-release [20,37,83]. The prepared skin 
used in this study has a thickness of 1.32 ± 0.01 mm. The permeation 
profiles of the combination of HFM F4, F5, and F6 with reservoirs R1, 
R2, and R3 were shown in Fig. 5A-C. After 24 h, the SC permeated from 
reservoirs R1, R2, and R3 in combination with HFM F4 was 2.07 
± 0.03 mg; 10.4 ± 0.25 mg; and 8.29 ± 0.08 mg, respectively. The SC 
permeated from reservoirs R1, R2, and R3 in combination with HFM F5 
was 14.91 ± 0.09 mg; 18 ± 0.29 mg; and 20.2 ± 0.29 mg, respectively. 
The SC permeated from reservoirs R1, R2, and R3 in combination with 
HFM F6 was 3.23 ± 0.02 mg; 14.99 ± 0.15 mg; 19.15 ± 0.35 mg, 
respectively. 

After statistical analysis, it was found that there was a significant 
difference (p<0.05) between the combinations of the three types of 
HFM and the three types of PEG reservoirs, except for the combination of 
F5-R1 and F6-R2. In addition, statistical analysis was carried out on the 
flux value (Table S3) of the HFM formula and PEG reservoir combina-
tion. Flux describes the amount of drug that can pass through an area at 
a particular time [84]. Hence, it was essential to determine the size and 
the time needed to obtain the desired pharmacological effect when the 
HFM was applied. The results showed that the combination had a sig-
nificant difference (p<0.05) between the flux values in the combination 
of HFM F4, F5, and F6 with the PEG R3 reservoir. These two results 
become a solid basis for the combination of F5-R3, which was stated to 
have a better permeation profile when compared to the combination of 
HFM and other PEG reservoirs. It also indicates that the drug released 
from this dosage form was about 80%, so it has the potential to provide 
higher bioavailability compared to other conventional dosage forms. 
This high permeation profile was due to the PEG composition of 

reservoir R3, namely PEG 400 and PEG 6000, which according to several 
studies, have been shown to significantly increase SC solubility [74,85]. 

Furthermore, Fig. 5D shows the permeation profile comparison be-
tween HFM F5-R3 with plain hydrogel F5-R3 to determine the effect of 
the microneedles system on SC release. The results showed the amount 
of permeated SC was 0.79 ± 0.06 mg/mL or about 3% of the drug 
released from this system. Statistical analysis also showed a significant 
difference (p < 0.05) between the permeation result from HFM and 
plain hydrogel. Therefore, the use of microneedles provides a better SC 
permeation profile due to a system that could open the pathway and 
penetrate the stratum corneum as the main skin barrier [20]. 

Moreover, the permeation profile of the combination of F5-R3 shows 
biphasic release behaviour that was marked by Hixon-Crowell release 
kinetics from the first 8 h with a correlation coefficient (R2) of 0.9653, 
which indicates that the dissolution of the drug was significantly 
affected by the changes of the surface area [86,87]. Thus, the surface 
area for the HFM and the PEG reservoir should be considered in 
combining these preparations. 

3.12. Skin integrity 

After integrity assessment by FTIR (Fig. 6A), the untreated skin 
exhibited notable peaks at 2907 cm -1 due to the asymmetric stretching 
of the hydrocarbons, and 2751 cm-1, caused by symmetric CH2 
stretching. The presence of a hydrocarbon region indicated the ceramide 
and fatty acid in the stratum corneum. Other peaks were also observed at 
1683 cm-1 and 1509 cm-1, indicating the presence of amide-I and 
amide-II bonds in the corneocytes’ keratin [51]. These peaks were also 
present in all treated skins with little intensity changes. The treated 
skin’s FTIR spectra demonstrate a reduction in the height of the hy-
drocarbon band, indicating that the lipid was extracted from the stratum 
corneum. This result was in accordance with the previous study stating 
that PEG’s capacity to enter the stratum corneum’s intercellular spaces, 
promote fluidity, and ultimately solubilize and remove lipid components 
may be the primary reason for their enhancing impact [88]. 

Moreover, a little shift in the bands observed for amide I and amide II 
may be due to protein conformation change. With respect to changes in 
protein structure, amide bands, particularly amide-I, were sensitive to 
frequency shifts to higher or lower frequencies [89]. The data obtained 
from the FTIR analysis suggest that the HFM application did not 

Fig. 6. FTIR result of skin integrity study (A) and the hemolytic assay of all the HFM and PEG reservoirs prepared (B).  

D. Elim et al.                                                                                                                                                                                                                                     



Colloids and Surfaces B: Biointerfaces 222 (2023) 113018

11

compromise the structure of the stratum corneum. As indicated by the 
absence of new peaks or functional groups, there was no interaction 
between the elements. The minor spectral disturbance may be due to 
intercellular penetration caused by the PEG. However, due to the skin’s 
suppleness and regeneration capacity, it may recover from these little 
changes. Overall, it could be concluded that the use of HFM was totally 
safe and did not cause irritation or interference with the skin barrier 
function. This has also been supported by several previous studies that 
state that repeated application of HFM has been shown to not cause skin 
reactions or disruptions [90,91]. 

3.13. Hemolytic assay 

Every newly developed pharmaceutical preparation must be tested 
for toxicity. The hemolytic assay was one of the earliest ways to assess 
toxicity [45]. The results of the hemolytic assay (Fig. 6B) showed that no 
hemolytic was observed (0% of all formulas after calculation), indi-
cating that the developed formula was not toxic to hemoglobin, as 
described in the previous research [92]. 

Finally, a combination of HFM and PEG reservoir was developed for 
the first time as a promising alternative therapy for ED patients. The 
overall results showed that this dosage form could deliver SC more 
quickly and has a higher potential for bioavailability via the transdermal 
route. This combination of preparations has also been shown to be non- 
irritating, non-toxic, and painless. However, the development of this 
dosage form was still in the early stages of drug development. Thus, 
further in vivo research was needed to ascertain the plasma drug con-
centration and determine the desired dosage. 

4. Conclusion 

The HFM integrated with the PEG reservoir has been successfully 
developed with PVA and PVP as polymers and tartaric acid as cross-
linking agents. HFM has been evaluated through the swelling, me-
chanical, and insertion properties which showed that the matrix used 
can produce strong HFM and swell rapidly in the presence of interstitial 
fluid in the skin. The developed PEG reservoir has also been evaluated 
through hardness, dissolution time, as well as XRD and FTIR profiles, 
which showed that the reservoir has sufficient resistance for storage, and 
the use of PEG 400 and PEG 6000 was the best choice to facilitate its 
solubility. The permeation test results through rats’ skin also showed 
that the combination of these two dosage forms was safe, painless, and 
non-irritating. It also has a promising advantage in increasing SC 
bioavailability in the treatment of erectile dysfunction. 
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[54] C. Miranda, Z. Pérez-Rodríguez, R. Hernández-Armengol, Y. Quiñones-García, 
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