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A B S T R A C T

Tadalafil (TD) is a phosphodiesterase type 5 (PDE-5) inhibitor that has gained attention for its wound healing
properties. In this study, a TD-loaded hydrogel was prepared and characterized, and its wound-healing efficacy
was evaluated. After preparing the TD hydrogel, its physicochemical properties such as viscosity, pH, drug-
loading capacity (DL%), in vitro release behavior, and stability were characterized. Moreover, in vivo studies
were performed to evaluate hydroxyproline (HP) and the wound healing efficacy of 1, 1.5, 3% (w/w) TD
hydrogels in New Zealand rabbits. Histopathological analysis was also performed using hematoxylin and eosin
(H&E) staining. We successfully prepared a TD hydrogel with high stability. The results of the in vivo experiments
on full-thickness wounds showed that the 1.5% TD hydrogel with a pH of 5.81 � 0.421, viscosity of 12,435 � 63,
drug-loading capacity of 91.73 � 1.482%, and drug release rate of 88% was superior to other formulations when
HP level was increased, which decreased the time required for wound healing; this was corroborated by the
histological analysis. Thus, the TD hydrogel formulation prepared in this study is a promising topical therapeutic
agent for wound healing.
1. Introduction

The skin is a multi-layered tissue covering the body that is crucial for
regulating temperature, maintaining body fluids, synthesizing vitamin D,
and creating a proper defense barrier against harmful rays and aggressive
factors (e.g. ultraviolet (UV) radiation, microorganisms, and chemical
agents) [1,2]. Injuries or dermal diseases can lead to the loss of skin
integrity, substantial disability, and even death [3]. For a wound to heal,
a large network of mediators and cells, including fibroblasts, neutrophils,
monocytes, macrophages, dendritic cells, and T cells must function
together [4]. Skin wound repair involves hemostasis, inflammation,
proliferation, neovascularization, epithelialization, and wound contrac-
tion [5].

Hydrogels are a group of polymeric materials with hydrophilic
structures that enable them to contain large amounts of water in their
three-dimensional (3D) networks [6–8]. Hydrogels are synthesized from
biopolymers or synthetic monomers and have protective and
anti-inflammatory properties with a suitable dressing function for wound
healing [9]. Several studies have focused on the preparation of ideal
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polymeric wound-dressing membranes, such as hydrogels compatible
with wound dressings [10]. Polyvinyl alcohol-based hydrogels are
non-toxic, non-carcinogenic, and mechanically resistant. Owing to their
swelling ability and elasticity, these hydrogels can be used as continuous
drug delivery systems with a controlled release profile [11].

Tadalafil (TD) is a selective phosphodiesterase type 5 (PDE-5) inhibitor
with low solubility and high permeability [12]. It is currently used to treat
erectile dysfunction and pulmonary arterial hypertension. Furthermore,
TD inhibits the breakdown of cyclic guanosine monophosphate (cGMP)
and increases nitric oxide (NO) content. This signal transduction relaxes
vascular smooth muscle cells and elicits vasodilation [13]. However, some
studies have demonstrated that PDE-5 inhibitors developedwound healing
process [14]. NO is an important signaling molecule that facilitates wound
healing by promoting cellular proliferation, tissue remodeling, and
angiogenesis [15]. Although there is evidence regarding the positive ef-
fects of oral TD administration on faster re-epithelialization of wounds
[16] and skin flap healing viability [17], undesirable side effects including
headache, flushing, and myalgia are common; thus, the topical application
of TD is considered a more appropriate solution in wound management
[18]. TD also improves oxygenation in damaged tissues. For example, TD
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Abbreviations

PDE-5 phosphodiesterase type 5
TD tadalafil
DL drug loading
HP hydroxyproline
cGMP cyclic guanosine monophosphate
NO nitric oxide
PEG polyethylene glycol-400
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improves micro-perfusion via angiogenesis, which is essential for wound
healing as it provides tissues with nutrients and oxygen, improving
re-epithelialization and collagen formation [19].

In this study, we aimed to develop a TD-loaded hydrogel and evaluate
its wound-healing function in New Zealand rabbits with full-thickness
wounds. TD-loaded hydrogel may be a promising topical therapeutic
agent for wound healing because of its biocompatibility, good swelling
ability, proliferation, regulation of cytokine secretion frommacrophages,
and reactive oxygen species (ROS) scavenging properties.

2. Materials and methods

2.1. Reagents

Tadalafil, sodium benzoate, polyethylene glycol-400 (PEG), glycerin,
carbomers, triethanolamine (TEA), and chloramine-T were purchased
from Sigma-Aldrich (Germany). 1% phenytoin was purchased from Kish
Medifarm Co. (Kish, Iran).
2.2. Preparation of the TD-loaded hydrogels

The TD hydrogel was prepared using a method described in a previ-
ous study with some modifications [20]. First, a specific amount of TD
was dissolved in PEG-400 (60 g) using a stirrer. Subsequently, carbomer
powder (1 g) was added to 15 mL of deionized water and stirred until a
uniform solution was obtained. Additionally, 1% sodium benzoate (2 g,
as a preservative) was dissolved in 2 mL deionized water and then added
to the mixture containing TD and vortexed. Thereafter, the mixture was
added to the carbomer solution, and deionized water was added drop-
wise to obtain a final weight of 200 g. Subsequently, a few drops of TEA
were added to the mixture to form the hydrogel and achieve the desired
pH. Subsequently, 2.2 g glycerin was added to the formulation to
improve the viscosity and spreadability of the hydrogel. Finally, the TD
hydrogels were mixed for 10 min using a propeller mixer to increase the
uniformity of the formulation, and the final hydrogel was weighed and
pressed into packaging tubes for pharmacological tests. Notably, 2, 3, and
6 mg of TD were used to prepare the 1, 1.5, and 3% (w/w) TD hydrogels,
respectively (Table 1).
2.3. pH and viscosity measurements of TD hydrogel

A Pb-10 Basic Bench Top pH Meter (Sartorius Co., Germany) and
Brookfield digital viscometer (DV-III Ultra viscometer, R.V. model,
Table 1
Variable amount of the tadalafil (TD) hydrogel formulations.

TD
formulation
(%)

TD
(mg)

PEG-
400 (g)

Carbomer
(g)

Sodium
benzoate 1%
(g)

Glycerin
(g)

1 2 60 1 2 2.2
1.5 3 60 1 2 2.2
3 6 60 1 2 2.2
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Brookfield, USA) were used to measure the pH and viscosity, respec-
tively. All measurements were performed in triplicate for the 1, 1.5, and
3% (w/w) TD hydrogels.

2.4. Drug loading measurement of TD hydrogel

To determine the loading of TD in hydrogels, 1 g of the TD hydrogel
was dissolved in 10 mL methanol and centrifuged at 6000 rpm at 25 �C
for 15 min, and the supernatant was separated. Subsequently, 100 μL of
supernatant was diluted with 900 μL of methanol. TD hydrogel loading
was determined using a UV–Vis spectrophotometer (Lambda 25, Perki-
nElmer, USA) at an absorbance of 284 nm [21]. All measurements were
performed in triplicate for the 1, 1.5, and 3% (w/w) TD hydrogels. The
standard curve was depicted to obtain the mg amounts of TD, and the
assay showed linearity over the 1–100 μg/mL concentration range with
the r2¼ 0.9917. The loading amount was determined using the following
formula:

DL ð%Þ¼ loading weight of the TD in hydrogels
Expected amount of TD

� 100

2.5. In vitro release behavior measurement of TD hydrogel

The dialysis membrane technique was used to assess the drug release
from the hydrogels. First, 100 mg of each TD hydrogel (1, 1.5, 3% (w/w))
was poured into a dialysis bag with a 12,000 Da (Sigma-Aldrich, Darm-
stadt, Germany) cut-off, immersed in 100 mL mixture of phosphate-
buffered saline (PBS, pH 7.4) and methanol (PBS:methanol at a ratio of
90:10 mL), and then stirred for 24 h (110 rpm at 37 �C). At the pre-
determined time intervals (1, 2, 3, 4, 5, 10, and 18 h), 1 mL of the sample
was collected, and the concentration of TD was measured using a UV–Vis
spectrophotometer (Lambda 25, PerkinElmer, USA) according to the
calibration equation previously obtained from the absorbance of stan-
dard solutions of TD in the release medium (r2 ¼ 0.9925) at 284 nm. The
experiments were performed in triplicate. All measurements were per-
formed in triplicate for the 1, 1.5, and 3% (w/w) TD hydrogels on three
different days.

2.6. Stability of TD hydrogels

A stability study was conducted on the samples prepared from all 3%
TD hydrogel formulations inside the packing tube, which were main-
tained in the chamber stability device at a temperature of 40 � 3 �C and
relative humidity of 75% for 3 months. At time intervals of 0 (fresh), 30,
60, and 90 d, each TD-loaded hydrogel formulation was removed and
changes in appearance (homogeneity and color), sample weight, pH, and
drug loading capacity (DL%) were evaluated.

2.7. In vivo experiments

2.7.1. Animals
A total of 36 New Zealand rabbits (with body weights in the range of

1.8–2.2 kg) were obtained from the Center for Reproduction, Breeding,
and Research of Laboratory Animals at Hamadan University of Medical
Sciences, Iran. Animals were maintained under a temperature of 25 � 2
�C, relative humidity of 50–60%, and a 12-h light/dark cycle. All ethical
considerations for working with laboratory animals were considered for
the experiments and followed the guidelines of the NIH and Hamadan
University of Medical Sciences (ethics approval code:
IR.UMSHA.REC.1401.564).

2.7.2. Experimental design
The rabbits were randomly divided into six groups (n ¼ 6), and each

rabbit was housed separately in a polycarbonate cage. The groups were
divided as follows: control, baseline, 1% phenytoin, and three treatment
groups, which received 1, 1.5, and 3% TD hydrogel. The control group



Table 2
pH, viscosity, and drug loading (DL) (%) of TD hydrogel formulation.

Formulation pH Viscosity (cP) DL (%)

TD hydrogel 1% 5.64 � 0.173 11,340 � 57 92.9 � 1.125
TD hydrogel 1.5% 5.81 � 0.421 12,435 � 63 91.73 � 1.482
TD hydrogel 3% 6.82 � 0.346 13,640 � 68 90.45 � 1.214

All results are expressed as the mean � standard deviation (SD) (n ¼ 3).

Fig. 1. In vitro release of the TD-loaded hydrogel in phosphate buffered saline
(PBS) þ methanol medium at 1, 2, 3, 4, 5, 10, and 18 h. Data are expressed as
mean � SD (n ¼ 3). Asterisks indicate significant differences at *P < 0.05 and
**P < 0.01 compared to the 3% TD hydrogel group. Release behavior at the first
5 h and 10 h of the TD from 1% hydrogel (84% and 89%, respectively) was
significantly higher than that of the 3% hydrogel (48% and 64%, respectively).
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did not receive any treatment. In the baseline group, only the hydrogel
base was applied to the wound surface. In the positive control group, 1%
phenytoin ointment was used as the standard wound healing agent.
Animal wound dressings were applied twice daily to the each group.

2.7.3. Wound creation
The fur on the back of each rabbit was shaved to expose the skin,

which was rinsed with water and a 10% povidone-iodine w/v solution
(Betadine®), and the animals were placed in a crouching position. A
square (2 cm � 2 cm) was drawn on the skin using a stencil. After dis-
infecting the skin surface with alcohol, lidocaine was subcutaneously
injected into the four corners of the square to locally anesthetize the
rabbit. Using a scalpel blade, deep incisions were made along the sides of
the drawn square, and the epidermis and dermis were separated from the
wound surface. Finally, to prevent infection, betadine was applied to the
wounds [22].

2.7.4. Wound healing measurement
To measure the percentage of wound healing, photographs of the

wounded areas were captured using a digital camera (Canon EOS Rebel
T7, Japan) on days 2, 7, 12, and. The wound surface area was calculated
using ImageJ software (NIH, Bethesda, MD, USA). The percentage of
wound healing was calculated using the following formula:

%Wound healing¼ Area at day 1 – Area at day X
Area at day 1

� 100

2.7.5. Measurement of hydroxyproline (HP)
HP was assessed by a colorimetric assay according to the manufac-

turer's protocol (Kiazist Co., Iran, Cat NO.KHPO96). Briefly, 40 mg of
tissue was homogenized in 100 μL of deionized water, then 100 μL of HCl
M12 was added and incubated at 120 �C for 3–4 h. Thereafter, the
microtubes were completely dried at 90 �C. Buffer assay solution (50 μL)
was added to each microtube, and 5 mg of activated charcoal was added
to the sample and vortexed. The resulting mixture was centrifuged at
12,000 rpm for 15 min and the supernatant was separated. The sample
(20 μL) or standard were added to each well. The buffer assay solution
was used as a blank; 20 μL was added to a blank well. Then, 100 μL of the
oxidation solution was added to each well and incubated at room tem-
perature for 15 min. Subsequently, 100 μL of chromogen solution was
added to each well and incubated at 60 �C for 30–60min. The absorbance
of each well was measured at 550 nm.

2.7.6. Histopathological analysis
The samples were fixed in 10% buffered formalin. Paraffin blocks

were prepared after the samples were dehydrated using increasing con-
centrations of ethanol and clarified using xylenol. Subsequently, paraffin
blocks were cut into 5–6 μm thick sections using a microtome (Leica
RM2145) and then stained with hematoxylin and eosin (H&E). A
pathologist examined and analyzed the skin tissue samples.

2.8. Statistics

Results were reported as the mean � standard deviation (SD). The
data were analyzed using SPSS software (version 16). For statistical
analysis, a one-way analysis of variance (ANOVA) was used to compare
the means of two or more groups and Tukey's post-hoc test was used to
test for significant differences between groups. Data were considered
significantly different at a P-value <0.05.

3. Results

3.1. pH, viscosity, and DL (%) analysis

The physicochemical characteristics of the TD hydrogels are listed in
Table 2. The pH values of the three formulations of TD hydrogels were
3

within the pH range of 5.64–6.82. Moreover, the viscosities of the three
formulations were acceptable and ranged from 11,340 to 13,640 cP. The
DL% of the TD hydrogel formulations were all >90%.

3.2. In vitro drug release

Fig. 1 shows the in vitro drug release curve of the TD hydrogel for-
mulations over 18 h. TD was released from the hydrogel in a sustained
manner over the 18 h. During this period, approximately 93, 88, and 82%
of TD was released from the 1, 1.5, and 3% hydrogels, respectively.
Release behavior in the first 5 h and 10 h of the 1% TD hydrogel (84%
and 89%, respectively) was significantly higher than that of the 3%
hydrogel (48% and 64%, respectively).

3.3. Stability of TD hydrogel

The TD hydrogels' stability and storage time in the packaging tube
were studied in the chamber stability device under a temperature of 40�
3 �C and relative humidity of 75%. Our findings revealed no significant
changes in the stability parameters. However, the appearance of the TD
hydrogel changed after 3 months (Table 3).

3.4. Wound healing

The wound healing percentages in the untreated, hydrogel base-
treated, and 1% phenytoin groups reached 100% after 32, 28, and 20
d, respectively (Fig. 2). Topical treatment with 1% phenytoin showed a
significant difference (P < 0.001) from day 12–20 compared to the
control group. However, the wound healing percentage in rabbit groups
that received the 1, 1.5, and 3% TD hydrogel was 100% after 21, 17, and
19 d, respectively, which was significant (P < 0.001) from day 6
compared to the control groups (Fig. 3).

Since DL% and in vitro release of the 1.5% TD hydrogel were higher
than those of the 3% TD hydrogel, the time required to complete wound



Table 3
Stability of TD hydrogel formulations over three months.

TD hydrogel formulation Storage condition Appearance (homogeneity and color) Sample weight (g) pH DL (%)

1% Fresh Excellent, white 34.51 � 0.87 5.64 � 0.17 92.9 � 1.12
1 month Excellent, white 34.37 � 0.94 5.21 � 0.23 91.3 � 1.24
2 months Good, white 33.79 � 1.17 5.16 � 0.26 90.7 � 0.85
3 months Low, milky 33.38 � 1.14 5.09 � 0.18 88.9 � 1.02

1.5% Fresh Excellent, white 36.53 � 1.23 5.81 � 0.23 91.73 � 1.48
1 month Good, white 36.41 � 1.05 5.48 � 0.19 90.21 � 1.37
2 months Good, white 35.69 � 1.23 5.41 � 0.42 89.23 � 1.41
3 months Low, milky 35.38 � 1.14 5.32 � 0.31 87.52 � 1.63

3% Fresh Good, white 37.59 � 1.14 6.82 � 0.34 90.45 � 1.21
1 month Good, white 37.46 � 0.03 6.46 � 0.52 88.92 � 0.67
2 months Low, milky 36.97 � 0.05 6.38 � 0.41 87.91 � 1.23
3 months Low, milky 36.62 � 0.07 6.27 � 0.29 86.11 � 0.95

Data are expressed as the mean � SD (n ¼ 3).

Fig. 2. Effect of 1% phenytoin and hydrogel base on wound healing percentage.
Asterisks indicate significant differences at ***P < 0.001 compared to the
control group.

Fig. 3. Effect of the different TD hydrogel formulations on wound healing (%).
Asterisks indicate significant differences at ***P < 0.001 compared to the
control group.

Fig. 4. Effect of 1% phenytoin and 1.5% TD hydrogel on wound healing (%).
Asterisks indicate significant differences at *P < 0.05 compared to the 1%
phenytoin group.
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healing in the 1.5% TD hydrogel-treated rabbit group was lower than
that of the 3% TD hydrogel-treated group. Therefore, topical treatment
with the 1.5% TD hydrogel not only significantly increased wound
healing but also decreased the wound healing duration compared to the
phenytoin group (P< 0.05) (Fig. 4). As shown in Fig. 5, wound closure in
1.5% of the TD hydrogel-treated rabbits for 17 d showed a better healing
pattern.

3.5. HP determination

HP levels are appropriate markers of skin collagen content. As shown
in Fig. 6, topical treatment with 1% phenytoin significantly (P < 0.01)
increased the HP levels compared to the control group. In the treatment
groups, the use of TD hydrogel at concentrations of 1, 1.5, and 3%
significantly (P < 0.05, P < 0.001, and P < 0.01, respectively) increased
4

the concentration of HP compared to the control group. Moreover,
application of 1.5% TD hydrogel twice a day significantly increased the
HP level (P < 0.05) compared with the 1% phenytoin-treated group.

3.6. Histopathological changes

H&E staining of the control and hydrogel base groups revealed that
the epidermal layer of the skin was destroyed, and the wound was
covered with a coagulum. In addition, severe inflammation and edema
were observed in granulation tissue (Fig. 7A and B). Treatment with 1%
phenytoin cream led to the formation of the initial stages of the
epidermal layer, and a small number of collagen fibers accumulated in
the granulation tissue (Fig. 7C). Furthermore, treatment with TD topical
hydrogels (1, 1.5, and 3%) reduced the intensity of inflammation and
hyperemia. In addition, a new and thin epidermal layer covered the
entire wound area, and more collagen fibers accumulated in the granu-
lation tissue after 1.5% TD hydrogel topical treatment (Fig. 7D, E, F).

4. Discussion

In this study, we successfully prepared three different TD hydrogel
formulations, and their wound-healing properties were improved by
increasing HP synthesis and wound closure. A pH range between 5.5 and
7 was confirmed to be appropriate for dermal absorption because the skin
surface has a pH of approximately 5.5, and increases in the inner skin
strata to 7 [23,24]. Moreover, the viscosities of the three formulations
were acceptable, ranging from 11,340 to 13,640 cP [25]. Bateja et al.
reported that elevated viscosity leads to increased skin penetration and
enhanced contact between the drug and skin, which, in turn, prolongs the
time available for the diffusion of the incorporated drug [26]. As pre-
sented in Table 2, the DL% of the TD hydrogels were all >90%. It seems



Fig. 5. Macroscopic images were obtained from the thickness in control, hydrogel base, 1% phenytoin, 1, 1.5, and 3% TD hydrogel groups on days 2, 7, 12, and 17
(Scale bar ¼ 1 cm). The 1.5% TD hydrogel had a better healing pattern, and the wound was completely healed on day 17.

Fig. 6. Effect of TD hydrogels on HP content. Data are expressed as mean � SD
(n ¼ 6). Asterisks indicate significant differences at *P < 0.05, **P < 0.01, and
***P < 0.001 compared to the control group; Hashtags indicate significant
differences at #P < 0.05 as compared to 1% phenytoin group.
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that the hydrophobic nature of TD and PEG-400 led to high incorporation
of the TD into the hydrogels, but due to the insolubility of TD, increasing
the amount of TD led to a decrease in DL% [27].
5

It appears that TD incorporation into hydrogels leads to long-term
treatment through controlled drug release over a desired period [28].
Moreover, these findings demonstrated the role of the hydrogel structure
in retarding the TD release rate from the hydrogel and increasing its ef-
ficacy. Additionally, the large surface area of the hydrogel acts as a
reservoir that maintains the TD in its structure and releases it in a sus-
tained manner [29].

Wound healing is a regular process involving a sequence of events and
cellular and molecular interactions that occur in four distinct phases:
homeostasis, inflammation, proliferation, and remodeling [30]. In the
present study, we showed that TD hydrogels have a therapeutic effect on
healing and improved wounds within a shorter period. In the groups
receiving the TD hydrogel at different doses, the recovery period was
significantly shorter than that in the groups receiving only the hydrogel
base. Re-epithelialization is the most important event for regenerating
and attenuation of the wound surface [31]. Notably, topical application
of TD improves the wound-healing process by eliminating the need for
systematic exposure to the drug, and hydrogels increase its
wound-healing activity [32].

Moreover, an in vitro study reported that hydrogels increased in the
fibroblast motility and attenuated wound healing [33]. This hydrogel not
only accelerates the proliferation, migration, and scratch healing of skin
cells but also regulates the secretion of cytokines from macrophages and
ROS scavenging [34].

In addition, we confirmed the wound healing properties of TD, which
consistent with a study by Goldsmith et al., who reported that oral
administration of TD once daily was effective in accelerating re-
epithelialization and decreasing scarring in a partial-thickness animal



Fig. 7. Histopathological examination of wound tissue using hematoxylin and eosin (H&E) staining (magnification 100 � ) 40 � (scale bar ¼ 50 μm). Wound co-
agulum (white star), granulation tissue (black star), epidermal layer (arrow). (A) control group, (B) hydrogel base, (C) 1% phenytoin, (D) 1% TD hydrogel, (E) 1.5% TD
hydrogel, (F) 3% TD hydrogel.
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burn model [16]. Therefore, not only does the TD-loaded hydrogel
exhibit synergistic performance in improving wound healing, but it also
decreases the wound healing period. Ordeghan et al. demonstrated that
after topical treatment of wounds in diabetic rats with collagen, nano-
clay, or tadalafil hydrogel, wound contraction was higher than that in the
control groups over 21 d [35]. Thus, the application of TD-loaded
hydrogels is a novel and promising therapeutic approach for wound
healing.

Our results revealed that topical treatment twice a day with the TD
hydrogel improved HP content. Collagen and HP are two important
factors in the remodeling stage of wound healing, during which new
epithelial cells are formed [36]. HP levels are an appropriate marker of
skin collagen content. Collagen synthesis is primarily dependent on
proline availability [37]. Collagen, an extracellular matrix component, is
crucial for wound healing [38].

The formation of thin epidermal layer and collagen fibers are strongly
related to wound healing process. This was mostly shown in the H&E-
stained slides of 1.5 and 3% TD hydrogels. As shown in Fig. 6, the con-
dition with 1.5% TD Hydrogel is much more effective, and may be due to
its higher DL%.

The histopathological results were in strong agreement with the HP
levels. In addition, TD, a PDE-5 inhibitor, leads to increased levels of
cGMP and NO, which, in turn, promotes smooth muscle relaxation and
increases blood flow in target organs. TD is > 10,000 times more effec-
tive at inhibiting PDE-5 than other PDE enzymes [39–41]. NO plays a
central role in decreasing inflammation [17]. However, tissue oxygena-
tion is strongly believed to be a cellular defense mechanism to combat
infection and promote healing of acute wounds [42]. TD improves
oxygenation in damaged tissues; for example, TD improves
micro-perfusion via angiogenesis, which is essential for wound healing as
it provides tissues with nutrients and oxygen [14]. These phenomena
result in better re-epithelialization and collagen formation after topical
treatment using TD hydrogels, which is consistent with the findings of
Alkhawaja et al. [32].

There were some limitations in this study. Bacterial infection of the
wound could have affected the results of wound-healing activity of the
TD hydrogels. Furthermore, the low solubility of TD and lack of sufficient
equipment and devices to measure markers such as angiogenesis,
inflammation, and immunohistochemical (IHC) analyses are also limi-
tations of this study and can be addressed in future studies.

5. Conclusion

TD hydrogels were satisfactorily prepared and played an effective role
in the wound healing process owing to their PDE-5 inhibitory activity.
6

The TD hydrogels also effectively covered the wound area, prevented
infection, and increased HP synthesis. However, TD-loaded hydrogels are
promising prospects as novel therapeutic formulations for wound heal-
ing. Thus, further research and clinical studies should be conducted to
develop drugs or ointments based on TD hydrogel formulations.
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