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*e diabetic wound is the most challenging one to manage, which is associated with microvascular and macrovascular dysfunction, and
novel strategies such as using hydrogels demonstrate their promising prospect in treatment and management approaches of the diabetic
wound. *is study aimed to investigate the effect of collagen/nanoclay/tadalafil hydrogel on wound healing in diabetic rats under HIIT
exercise. Hydrogel was synthesized, and then biocompatibility and antibacterial tests were performed. *e therapeutic effect of collagen/
nanoclay/tadalafil hydrogel was assessed after induction of diabetes in the rat model, and wound healing was evaluated with macroscopic
andmicroscopic tests.*e result of theMTTtest showed no significant cytotoxicity of collagen/nanoclay/tadalafil hydrogel. Furthermore,
the inhibitory effect of hydrogel was detected on E. coli and S. aureus. *e macroscopic results demonstrated that the wound contraction
was considerable in the hydrogel/HIITexercise and hydrogel groups compared with the HIITexercise and control groups during 21 days.
*e microscopic results showed that the presence of fibroblasts, the amount of collagen, the epidermis density, and the formation of hair
follicles were increased in the hydrogel/HIITexercise group compared with other groups in the diabetic rate model. It can be concluded
that collagen/nanoclay/tadalafil hydrogel with HIITexercise could accelerate diabetic wound healing and can be an appropriate candidate
for skin regeneration in medical applications.

1. Introduction

Diabetes has also known as a comprehensive metabolic
disorder that impacts about 340 million people worldwide.
Also, diabetic wounds have been developed in approxi-
mately 20% of people with diabetes. Hyperglycemia causes
the most microvascular and macrovascular dysfunctions
that entangle the process of wound healing. One of the

common wound types is a diabetic foot ulcer that is
widespread among all age groups and is more common in
individuals more than 65 years with an incidence of about
3% and a prevalence of near 1% of the world population.
About 2.5 to 15 percent of the world’s annual health ex-
penditure is spent on diabetes, and diabetic ulcers account
for a large proportion of it. *e World Health Organization
reports that diabetes will be the 7th leading cause of death in
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2030 [1, 2]. Diabetic wound treatments involved pressure
off-loading, debridement of wound, infection management
with topical antiseptics and topical antibiotics, and revas-
cularization, which are the main principles of diabetic
wound therapeutic approaches. *ere are various ap-
proaches to debridement such as surgical procedures, wet to
dry dressing, biosurgery, preparations of enzymes, hydro-
gels, and dextranomer polysaccharide paste or polysaccha-
ride beads. When wound dressings change the wound from
moist to dry, they supply nonselective debridement, thus
cleaning the wound with necrotic tissue removal. It is
suggested that wounds be evaluated at every dressing
change. Moisture-retentive dressings involving foams, hy-
drocolloids, hydrogels, films, hydrofibers, and alginates are
helpful in different clinical settings [3].

HIIT (High-Intensity Interval Training) is based on the
principle of exercise intensity that is a more sufficient
modifier constituent of exercise causing adjustment in the
human body system containing nervous [4], cardiovascular
[5], and skeletal muscle [6] system. HIIT has been known as
a time-efficient exercise method that is well described as
short durations of high-intensity exercise (more than
80–85% peak oxygen uptake), alternating with active or
passive rest periods [7]. Recently, HIIT has received great
consideration for its impact on improving superior vas-
cular function improvements compared to continuous
training with moderate intensity in healthy people and
several clinical patients containing metabolic syndrome,
heart failure, and obesity [8]. Despite HIIT improvement
effects on vascular function in a patient with systemic
limited cutaneous sclerosis [9], its special effects on skin
remain untested. New therapeutic approaches such as
extracellular matrix proteins, bioengineered skin substi-
tutes, negative pressure wound therapy, and growth factors
have been indicated as adjunctive treatments for wounds
[10]. Different biomaterials are also used in clinical wound
therapy. For example, oxidized regenerated collagen/cel-
lulose was primarily indicated to facilitate wound closure in
a diabetic model in mice and acute wounds in rats. Dif-
ferent biomaterials are being produced in the regeneration
of tissue to emerge as scaffolds where the cells are
implanted or as vehicles for specified drug release. *ese
scaffolds illustrate the source of tissue topology and provide
cues that are topological and promote tissue regeneration.
Many synthetic or natural polymers, also named hydrogels,
are being progressed and investigated in preclinical re-
searches. Biodegradable films are made of hydrogels or
hydrocolloids and thus, by regeneration, can be integrated
into the wound of patients [11]. One of the phosphodi-
esterase type 5 (PDE5) inhibitors is tadalafil which reduces
cGMP (cyclic guanosine monophosphate) destruction and
afterward increases the NO (nitric oxide) vasodilation
effect. Usually, tadalafil has been utilized for controlling
pulmonary arterial hypertension and erectile dysfunction
through inhibition of NO collapse-driven cGMP in
platelets aggregation and vascular smooth muscle, which
impact vasodilation of peripheral blood vessels. Tadalafil
also can preserve tissues, for instance, lung, skin, and brain
against ischemia [12]. Furthermore, some animal studies

have demonstrated that PDE5 inhibitors promote wound
healing [13]. Inhibitors of PDE5 also upregulate iNOS
(inducible nitric oxide synthase) by the pathway of NO-
cGMP and develop the wound and fractures healing
procedure [14]. Till now, there is no reported side effect in
animal models when tadalafil is used in the wound healing
process. Nanocomposite hydrogels of nanoclay would be
provided easily and conveniently and demonstrated me-
chanical properties, biocompatibility, good swelling
properties, and optical properties. Also, findings demon-
strated that hydrogels composed with nanoclay could
promote the connection of dermal fibroblasts of human on
the surface of the hydrogels [15, 16]. Collagen is responsible
for supporting the integrity of the cells and tissue structures
that are the most protein and exist naturally. Skin collagen
has been synthesized by myofibroblasts and fibroblasts that
are arranged in the fibril forms of cutaneous tissue, bone,
and tendons, which consistently undergo tensile and shear
stresses. Type I collagen is found in the tendons, fasciae,
and dermis and is the most important component in scar
tissue. Collagen is also utilized in synthesizing skin sub-
stitutes that are also present in beaded structures, fibril
surfaces, or transmembrane proteins composition [17].
Despite the fact that collagen, nanoclay, and tadalafil have
been investigated individually in wound healing experi-
mental studies, no evaluation exists to evaluate the effect of
collagen/nanoclay/tadalafil combination on wound healing
in vivo. *is study aimed to assess the effect of collagen/
nanoclay/tadalafil hydrogel on complete wound healing in
type Ι diabetic rats under HIIT exercise.

2. Materials and Methods

2.1. Materials. Hydrochloric acid and tadalafil were pur-
chased from Sigma-Aldrich (Germany). *e solvents,
chloroform, and methanol were obtained from Sigma-
Aldrich (USA) and Carlo Erba (Italy). Collagen type Ι was
obtained from Medzist and TAB Nano (Iran). *e nanoclay
was purchased from Southern Clay Products, Inc. Staphy-
lococcus aureus (ATCC 25923) and Escherichia coli (ATCC
25922) strains and human embryonic kidney cells (HEK293)
were gifted. MTT Kit was purchased from Bio Idea (Iran).
DMSO (dimethyl sulfoxide) was purchased from Sigma-
Aldrich (Germany). FBS (fetal bovine serum), DMEM
(Dulbecco’s modified Eagle’s medium), PBS (phosphate-
buffered saline), trypsin, ascorbic acid 3-phosphate, alkaline
phosphatase kit, dexamethasone, beta-glycerol, and anti-
streptomycin were obtained from Gibco.

2.2. Synthesis of Hydrogel. To acquire collagen/nanoclay/
tadalafil hydrogel, 10% w/v collagen solution was provided
in 1% v/v acid acetic solution (pH� 2) and stirred well
(40 rpm, 4°C, 24 hours). *en, pH was adjusted to 7 (by
adding 0.5M of NaOH under stirring for neutralizing the
hydrogel). After preparation of the solution, tadalafil powder
(30mg/ml) was added to the solution of collagen while
stirring (4°C, 2 hours). *e obtained nanoclay (170mg/ml)
was centrifuged, washed (three times with DW and
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lyophilized), and added progressively to the solution. *e
acquired homogeneous suspension was kept at 4°C.

2.3. Cell Culture. HEK293 were cultured in DMEM in-
volving 10% FBS, streptomycin sulfate (10mg/ml), and
penicillin G sodium (10 units/ml) in a humidified incubator
(5% CO2, 90% humidity, 37°C). *e culture medium was
refreshed every 48 hours to achieve the confluence of 80%.
*e second passage of cells was utilized for the next step.

2.4. Biocompatibility Test. *e MTT (methyl thiazolyl tet-
razolium) test was performed straightforwardly according to
the ISO 10993-5 standards. *e cell culture plate serves as
the negative control (without cytotoxicity). MTT assay was
conducted to investigate the hydrogel cytotoxicity. For the
aim, 20,000 HEK 293 cells were added to the culture medium
(50 μL), including serum, and then cultured on the hydrogel.
After 3 hours, the culture medium was added to each well.
*e culture medium was removed, and then, MTT solution
(100 μL, 0.5mg/mL) was added to each well.*e supernatant
solution was eliminated after 4 hours. Afterward, DMSO
(100 μl) was added to dissolve the formed purple formazan
crystals. *e solution optical density was read at 570
nanometers wavelength in an ELISA reader (Convergent EL-
Reader 96X). Outcomes were displayed as a percentage
(100%� control value), and the assays were conducted in
triplicate to obtain accurate results. *e viability of cell was
measured using the following equation:

cell viability (%) �
value of therapy sample
value of ample control

× 100. (1)

2.5. Antibacterial Analysis. Staphylococcus aureus (Gram-
positive bacteria) and Escherichia coli (Gram-negative
bacteria) were utilized to evaluate the antibacterial activity of
the collagen/nanoclay/tadalafil hydrogel. LB agar (Lur-
ia–Bertani agar) and LB broth (Luria–Bertani broth) were
conducted as nutrient sources for the cell culture medium.
Staphylococcus aureus and Escherichia coli were added to the
LB broth and incubated in a shaking incubator (24 hours, 5%
CO2, 37°C). *e bacteria concentration in the culture me-
dium was 106 CFUmL−1 (colony-forming units per milli-
liter). *e hydrogel was incubated in LB broth (24 hours,
37°C). Afterward, the viable bacteria number was calculated
to investigate the antibacterial activity. Also, the inhibition
zone was evaluated, and ciprofloxacin was performed as the
standard antibiotic disc (control).

2.6. In Vivo Wound Healing in Diabetic Rats. To investigate
the ability of collagen/nanoclay/tadalafil hydrogel in full-
thickness wound healing, 36 adults male rats (white Wistar

rats, 165± 15, aged 6–8 weeks) were utilized. Also, rats were
bought from Animal Research. Furthermore, rats were
divided into 4 groups (n � 3 for each time (7, 14, and 21
days)), control and test groups (hydrogel, hydrogel with
HIITexercise, and only HIITexercise) accidentally.*e rats
were housed in wire-topped cages with sterile rice husk as
bed material and kept at standard conditions (22–25°C,
65–75% humidity, 12 hours of light/dark cycles, fed with
pellets and water ad libitum). All animal tests were ex-
amined based on the guidelines correlated with the Care
and Use of Laboratory Animals. For induction of experi-
mental type I diabetes in overnight fasted rats, single in-
traperitoneal injections of STZ (streptozotocin) and
nicotinamide were used. First, nicotinamide was dissolved
in sterile water and injected (110mg/kg). After 15 minutes,
STZ, dissolved in cold citrate buffer (pH � 4.5, 0.1M), was
injected (50mg/kg). After 72 hours, diabetes was confirmed
by measuring glucose of the tail vein blood using a gluc-
ometer (Bayer Contour TS Blood Glucose Monitor). After
three weeks, rats with blood glucose levels >250mg/dL
were examined as diabetic and used for the in vivo studies
[18].

2.7. Wound Model. Anesthesia is induced by IM (intra-
muscular) injection of ketamine (50mg/kg, ketamine 10%)
and xylazine (10mg/kg, 2%). Dorsal skin was shaved and
then sanitized using ethanol. Afterward, incisions (8mm)
were created by the circular punch. All diabetic rats were
tested in four groups: Group 1: control (untreated), Group 2:
HIIT exercise, Group 3: hydrogel, and Group 4: hydrogel/
HIIT exercise during 21 days.

2.8.High-Intensity IntervalTrainingProgram. HIITprogram
was considered as three times a week on a treadmill [19]. To
summarize, the program of HIIT contained a warm-up (5
minutes) and cooling section (a 40% double-speed), and the
major part comprised one-minute intense running (5–7
sessions, at 80–90% of the maximum intensity of running
speed test) and in rest rotations with 55% with zero slopes of
the treadmill. *e HIIT program details are presented in
Table 1. *e MERT is utilized in the first week before the
beginning of the training protocol and at the end of the
three-week program for finding out the maximum training
intensity and capacity [20].

2.9. Macroscopic Evaluation. For measuring the contraction
of the wound, the images were taken fromwounds on days 7,
14, and 21. *e average wound area was measured using
ImageJ software (NIH, Maryland), and the percentage of
wound contraction was calculated using the following
method:
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wound contraction (%) �
initial wound size − specific day wound size

initial wound size
× 100. (2)

2.10. Microscopic Evaluation. Tissue sampling was analyzed
on days 7, 14, and 21 for each group. *e thick part of the
skin around the wound was dissected, disinfected with
normal saline solution, placed in formalin solution (10%,
24 h), and fixed in paraffin using a tissue processor. *e
tissue sections (5 μm) were sliced to the wound surface
perpendicularly, embedded on a slide, and stained with
Hematoxylin and Eosin (H&E) and Trichrome-Masson
reagents for histopathological studies. *e wound healing of
samples was investigated by a light microscope (Leica
Microsystems, Wetzlar, Germany).

2.11. Statistical Analysis. Data were analyzed using SPSS
(Kruskal–Wallis (nonparametric)), and Mann–Whitney test
was used for comparing the groups. *e p value was con-
sidered statistically significant (p< 0.05).

3. Results

3.1. In Vitro Biocompatibility of the Hydrogels.
Biocompatibility was studied by culturing HEK 293 cells on
hydrogels and control (tissue culture plate) for 24, 48, and
72 h. *e developed hydrogel with collagen/nanoclay/
tadalafil was prepared and investigated for wound healing in
diabetic wounds with and without HIIT exercise. *e MTT
test showed no significant cytotoxicity, and the percentage of
cell viability was more than 90% for 24, 48, and 72 h
(Figure 1).

3.2. Antibacterial Analysis. *e antibacterial activity of the
collagen/nanoclay/tadalafil hydrogel was investigated by two
bacterial species, Staphylococcus aureus (Gram-positive
bacteria) and Escherichia coli (Gram-negative bacteria). *e
quantitative results of antibacterial activity showed that CFU
(colony-forming unit) of S. aureus was 140×106 and CFU of
E. coli was 95×106 in the collagen/nanoclay/tadalafil
hydrogel, while the CFU of S. aureus and E. coli was
260×106 and 240×106 in the control group, individually.
However, the number of bacteria was reduced in the col-
lagen/nanoclay/tadalafil hydrogel. *erefore, this result
revealed that the hydrogel might conduct an antibacterial
effect on the healing process of the wound. Also, the size of
hydrogels inhibition zones was estimated against E. coli and
S. aureus as the principal species for infections of the wound
as demonstrated in Table 2; ciprofloxacin standard disc was

selected as the control group in comparison with the col-
lagen/nanoclay/tadalafil hydrogel inhibitory action. Both E.
coli and S. aureus were susceptible to the ciprofloxacin discs
(the control group). *e collagen/nanoclay/tadalafil
hydrogel displayed an inhibition zone in comparison with
the standard antibiotic disc because of the presence of
nanoclay in the hydrogel.

3.3. Macroscopic Evaluation. Results of macroscopic eval-
uation showed significant changes in the percentage of
wound healing of the HIITexercise, hydrogel, and hydrogel/
HIITexercise groups compared with the control group in 14
and 21 days (Figure 2). *e contraction rate of the wound in
the hydrogel and hydrogel/HIIT exercise groups was more
than that in the control group. Also, the percentage of
wound contraction rate was remarkably increased in the
hydrogel/HIIT exercise group, although the rate of wound
contraction was enhanced in each group during 21 days. *e
healing rate of hydrogel was more than that of the HIIT
exercise group, and the healing rate of hydrogel/HIIT ex-
ercise was more than that of the control group (Figure 3).
*ese findings indicated the ability of hydrogel and HIIT
exercise in the regeneration of diabetic wounds. *e eval-
uation of diabetic wound healing rate was measured by
ImageJ in this study. *e results displayed that diabetic
wound healing rate in 21 days of study with a hydrogel which
is loaded with collagen has changed significantly (Table 3).
*e wound contraction rate in the hydrogel/HIIT exercise
group was more than that in the HIIT exercise and hydrogel
groups on days 14 and 21, respectively. Moreover, the
contraction rate of the hydrogel group wasmuch higher than
that of the HIIT exercise and control groups. *e results
showed that hydrogel could heal diabetic wounds with HIIT
exercise.

3.4.MicroscopicEvaluation. Histopathological samples were
used in microscopic analyses that estimate the wound
healing in the granulation tissues collected during 21 days.
Tissue sections were stained with H&E and Masson’s tri-
chrome stain. Early stages of cellular activities and wound
healing through H&E staining were observed (Figures 4 and
5). Deposition and formation of collagen were evaluated
using Masson’s trichrome staining qualitatively (Figures 6
and 7). In the control group, the microscopic evaluation
showed no substantial changes in the rate of wound healing

Table 1: High-intensity interval training protocol.

Warm-up
Main seasons

Cold own Total time (min)
Intense periods Rest

Week 1
5min (40% MERT)

5×1min (80% MERT) 5×1min (55% MERT)
5min (40% MERT)

20
Week 2 6×1min (80% MERT) 6×1min (55% MERT) 22
Week 3 7×1min (80% MERT) 7×1min (55% MERT) 24
MERT: maximum running sprint test; min: minute.
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from margin to the center on day 7, the defect was covered
by a very thin layer of connective tissue, and the wound
healing was higher on day 14 compared to day 7. Wound
healing from the margin to the center of the defect was

detected with H&E andMasson’s trichrome staining. On day
21, the rate of healing and infiltration of cells into the center
of the defect as well as the thickness of the three layers was
significant compared to day 14 (Figures 4(a) and 6(a)).

Table 2: *e antibacterial activity of collagen/nanoclay/tadalafil hydrogel against E. coli and S. aureus.

Samples
Inhibition zone

Staphylococcus aureus Escherichia coli
Collagen/nanoclay/tadalafil hydrogel 10.2 14.5
Ciprofloxacin disc 26.7 27.3
All samples were tested three times in independent experiments (p< 0.05).
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Figure 1: *e cell viability study of the collagen/nanoclay/tadalafil hydrogel on HEK 293 cells for 24, 48, and 72 h three independent tests
was conducted (p< 0.05).
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Figure 2: Macroscopic evaluation of the control, HIIT exercise, hydrogel, and hydrogel/HIIT exercise groups on days 7, 14, and 21.
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In the HIIT exercise group, cell infiltration was observed
in the center of the defect on day 7, and a small amount of
healing and high density of connective tissue layer was
detected. On day 14, the formation of skin layers, the rate of
healing, and infiltration of cells were observed, and wound
healing was increased compared with day 7. *e amount of
healing and formation of three layers of skin was determined
on day 21. *e formation of a relatively regular layer of
collagen and the presence of hair follicles were observed
(Figures 4(b) and 6(b)).

In the hydrogel group, there was no healing frommargin
to center during 7 days, but infiltration of cells into the
center area of defect and forming of connective tissue were
detected.*e amount of regeneration and infiltration of cells
from to the center of the defect was observed on day 14, and

the formation of an irregular layer of collagen and hair
follicles was observed in the margin of the defect. *e
amount of healing and infiltration of cells from the margin
to the center of the defect was observed on day 14, and the
formation of an irregular layer of collagen and hair follicles
was detected in the margin of the defect. On day 21, this
amount of three-layer healing and the presence of hair
follicles were remarkable in the defect site. In addition,
regular collagen was observed in the margin and defect site,
and this amount of healing from the margin to the center
was significant compared to days 7 and 14 (Figures 5(a) and
7(a)).

In the hydrogel/HIIT exercise group, the rate of con-
nective tissue formation was very high in the defect site, and
the infiltration of cells and wound healing was relatively
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Figure 3: *e rate of wound contraction in the control, HIIT exercise, hydrogel, and hydrogel/HIIT exercise groups on days 7, 14, and 21.

Table 3: *e wound contraction rate (millimeter) in 0, 7, 14, and 21 days.

Groups Day 0 Day 7 Day 14 Day 21
Control 8 4.77 2.44 1.7
HIIT exercise 8 3.76 2.4 1.55
Hydrogel 8 2.9 1.3 0
Hydrogel/HIIT exercise 8 2.11 0.9 0
All samples were tested three times in independent experiments (p< 0.05).

Control groupDay

7-Day

14-Day

21-Day

(a)

Day

7-Day

14-Day

21-Day

HIIT Exercise group

(b)

Figure 4: Histological analysis of control (a: ×40) and HIIT exercise (b: ×40) with H&E staining.

6 Advances in Materials Science and Engineering



considerable from margin to the center during 7 days.
Furthermore, the formation of collagen substrate for wound
healing was better than other treatment groups. On day 14,
the rate of healing and formation of three layers were slightly
suitable, and the infiltration of cells and the formation of the
hypodermis were observed from the margin to the center. In
addition, the formation of hair follicles and remarkable
healing were detected in the margin and center of the defect,

respectively. Irregular collagen substrate was considerable in
the margin of the defect, and the cell infiltration and suitable
healing were increased. On day 21, the rate of healing and
formation of hair follicles was considerably increased in the
defect site. *e formation of regular collagen clusters was
observed in Masson’s trichrome staining, and the hydrogel/
HIITexercise group showed better results compared to other
groups in diabetic wound healing (Figures 5(b) and 7(b)).

Day

7-Day

14-Day

21-Day

Hydrogel group

(a)

Day

7-Day

14-Day

21-Day

Hydrogel/HIIT Exercise group

(b)

Figure 7: Histological analysis of hydrogel (a: ×40) and hydrogel/HIIT exercise (b: ×40) with Masson’s trichrome staining.
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(a)

Day
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Hydrogel/HIIT Exercise group
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Figure 5: Histological analysis of hydrogel (a: ×40) and hydrogel/HIIT exercise (b: ×40) with H&E staining.
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Control group
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Figure 6: Histological analysis of control (a: ×40) and HIIT exercise (b: ×40) with Masson’s trichrome staining.
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4. Discussion

Diabetes is one of the important factors for the dysfunction
of epidermal cells, fibroblasts, tissue maturation, and failed
angiogenesis, which causes delayed wound healing pro-
cesses. Also, diabetes is responsible for reepithelialization
and wound contraction during the process of wound
healing. Hydrogel wound dressings are highly regarded due
to their appropriate moisturization feature for supporting
cellular activities in the wound zone during the healing
process. Furthermore, they provide enough flexibility, fa-
cilitate the proliferation of cells and biodegradation, and
accelerate wound contraction, attachment, reepithelializa-
tion, and neovascularization. Hydrogel dressings composed
of the bioactive molecule would have a significant influence
on expediting the healing of the diabetic wound [18].
Collagen is also used as a therapeutic component for cor-
recting diabetic wounds irregularities. Collagen has been
known as the most significant extracellular matrix com-
ponent that is essential for wound closure. Synthesis of
collagen fibers, deposition, restoration, and maturation are
vital phases among regeneration and repairment of tissue.
Collagen synthesis is principally based on proline avail-
ability. Actively, proline is synthesized from glutamic acid in
the granulation tissues, and the amount of proline synthe-
sized by lactate increases [18]. Goldsmith et al. showed that
oral administration of tadalafil once daily can be effective in
the acceleration of reepithelialization and decreasing scar-
ring in a partial thickness of animal burns model [14].
Garćıa-Villén et al. demonstrated that hydrogel of nanoclays
has improved biocompatibility. Also, the hydrogel can
support the motility of fibroblasts and attenuate wound
healing in an in vitro study and clarify new promising
prospects in novel therapeutic formulations [21]. Moreover,
Soufdoost et al. reported a novel tadalafil/polycaprolactone
as a novel suture that ameliorated the wound healing process
by releasing the tadalafil around the sutured wound [22].
Effect of HIIT exercise in combination with resistance
training on health of vessels in a one-year follow-up study of
Magalhaes et al. in patients with diabetes mellitus type II has
demonstrated that HIIT might be a candidate as a key
method in long-term improvement of vascular complica-
tions in type II of diabetes mellitus [23].

In this study, the developed hydrogel with collagen/
nanoclay/tadalafil was prepared and investigated for wound
healing in diabetic wounds with and without HIIT exercise.
In vitro biocompatibility studies were performed by cul-
turing HEK 293 cells on collagen/nanoclay/tadalafil
hydrogel and the control (tissue culture plate) for 24, 48, and
72 h. Collagen/nanoclay/tadalafil hydrogel did not exhibit
any significant cytotoxicity in comparison with control.
Findings revealed that the cells cultured on the collagen/
nanoclay/tadalafil hydrogel are viable and multiplying at a
rate comparable to those on the control.

*e antibacterial effects of skin dressing play a vital role
in eliminating bacterial infections, which have been known
as a major result of the wound healing postponement [24].
Mojtaba et al. used the nanoclay and chitosan to prepare an
active nanocomposite according to their antimicrobial

features to assess its influence on the microbial limitation.
*e chitosan and nanoclay nanocomposite had excellent
executed and well antibacterial effects against microbial
limitations (coliforms, Salmonella spp., coagulase-positive
Staphylococcus, E. coli, yeast, and mold) [25]. Olivetti et al.
showed that DDSA (dodecenylsuccinic anhydride)-collagen
hydrogels, either unloaded or loaded with simvastatin,
showed sustained antimicrobial activity against Pseudomo-
nas aeruginosa and Staphylococcus aureus for 72 hours,
maybe because of the hydrophobic DDSA chain interaction
with cell wall bacteria. *e antimicrobial activity was
stronger against S. aureus. Also, collagen hydrogels provided
a prolonged antibacterial activity when they involved sim-
vastatin, and findings revealed that these materials could
stimulate macrophages which is useful in wound healing
processes [26]. *e MTT assay of Chakrabarti et al. study
showed that bFGF and collagen matrix hydrogel had
minimal toxicity on the L929 mouse fibroblast cell line, did
not inhibit cell proliferation, and could be further investi-
gated in burn wounds [27]. In the present study, the anti-
bacterial evaluations showed that the number reduction of E.
coli was more than S. aureus.*e collagen/nanoclay/tadalafil
hydrogel displayed an inhibition zone in comparison with
the standard antibiotic disc. *erefore, this result revealed
that the hydrogel might conduct an antibacterial effect on
the healing process of the wound.

Wound contraction has been known as a progressive
process that appears in the matrix of tissue and accelerates
healing by providing adequate granulation tissue to restore
the tissue damage. *e wound healing process is crucially
correlated with reepithelialization due to regenerating and
attenuating the surface of the wound [18]. Huang et al. have
used a clay-reinforced composite film, polycaprolactone/
chitosan/curcumin (PCL/CS/Clay/Cur) for wound dressing,
and they displayed the inhibitory effect of this film of clay on
bacteria (168mg/ml). Moreover, they demonstrated that
Cur-loading films with increasing clay could be high po-
tential candidates for the caring wound [28]. *angavel et al.
developed hydrogels containing LG (L-glutamic acid) and
CS (chitosan) to treat diabetic ulcers. *ey displayed that the
LG+CS hydrogel facilitated vascularization for the accel-
eration of diabetic wound healing. *ese findings revealed
that the combination of LG can ameliorate deposition of
collagen, vascularization, and purposes in the acceleration of
diabetic wounds regeneration [18]. Neovascularization or
angiogenesis has a crucial role in the rebuilding of injured
skin and avoiding subsequent complications such as non-
healing diabetic wounds. Neovascularization deficiency,
especially deficit information of microvascular network,
refers to the interruption of tissue repair in diabetic cir-
cumstances [18]. In this study, it was detected that collagen/
nanoclay/tadalafil hydrogel demonstrated fine adhesiveness
when administered at the surface of the wound topically, and
the macroscopic results demonstrated that the wound
contraction was considerable in the hydrogel/HIIT exercise
and hydrogel groups compared with the HIIT exercise and
control groups during 21 days.*e hydrogel-treated diabetic
wounds displayed complete epithelialization in 21 days. *e
present results showed an increased rate of epithelialization
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in diabetic rats. *ese results display that using collagen/
nanoclay/tadalafil hydrogel with HIIT exercise helps in
wound healing.*e rate of wound healing in the control and
treated groups showed that the rate of regeneration in the
hydrogel/HIIT exercise group was higher than that in the
hydrogel group in 7 days and the connective tissue for-
mation and cell infiltration were observed. In addition, this
rate was very considerable in the hydrogel/HIITexercise and
hydrogel compared to the HIIT exercise and control groups.
*e rate of wound healing, connective tissue formation, and
cell infiltration was very significant in the HIIT exercise
group compared with the control in 7 days. *e rate of
wound healing, infiltration of cell, and hair follicle formation
in the hydrogel/HIIT exercise was significant compared to
the hydrogel and HIIT exercise group in 14 days. Also,
treated groups with HIIT exercise can play a crucial role in
the amelioration of wounds compared to the control group.
*us, wound healing, the formation of a regular layer of
collagen, hair follicles, and the formation of three layers of
wounds were accelerated and better performed in the
hydrogel/HIIT exercise and hydrogel groups than those in
the control and HIIT exercise groups, but hydrogel/HIIT
exercise was remarkably more successful than the hydrogel
group in wound repairing, forming skin layers and classi-
fying arranged collagen. Enhanced content of collagen is
detected in the hydrogel/HIITexercise and hydrogel groups.
*erefore, increment of collagen content is considered in the
granulation tissues. Assessment of Masson’s trichrome
staining revealed that collagen/nanoclay/tadalafil hydrogel
treatment enhanced the content of the collagen.

Tan et al. investigated the properties of a novel composite
biomaterial, a collagen scaffold loaded with CBD-VEGF, for
healing of the wound in a diabetic rat model.*ey found that
collagen scaffold loaded with CBD-VEGF facilitated healing
in the diabetic wound of the rat model, which may have
promising therapeutic approaches for diabetic wound
treatment [29]. Long et al. provided a collagen membrane as
a drug delivery scaffold to assess whether the combined use
of VEGF and SDF-1α has a synergistic effect on the treat-
ment of diabetic wound healing. *eir long-term findings
elucidate that the comodified scaffold can accelerate wound
healing, facilitate regeneration of blood vessels, and promote
proliferation of assist cells, accumulation of extracellular
matrix, and reepithelialization. Altogether, the study dem-
onstrated that the CBD-SDF-1α and CBD-VEGF comodi-
fied scaffold support rapid recovery from diabetic wounds
through matching inflammation and angiogenesis [30].

In this study, the amount of collagen in the HIITexercise
group was increased after 21 days, while this amount was
much higher in the hydrogel/HIIT exercise and hydrogel
groups than that in the control and HIIT exercise groups.
Also, the presence of fibroblasts in the hydrogel/HIIT ex-
ercise and hydrogel groups was higher than that in the HIIT
exercise and control groups. Moreover, this amount of fi-
broblasts was significant in the hydrogel/HIITexercise group
compared to the hydrogel. Epidermis density was higher in
the hydrogel/HIIT exercise group than that in the hydrogel
group, and the hydrogel/HIIT exercise and hydrogel groups
were significantly different from the control and HIIT

exercise groups. *e rate of vascularization was decreased in
the HIIT exercise group during 21 days that it was signifi-
cantly different from the control group, and it indicated that
the HIIT exercise could accelerate the healing by increasing
vascularization on days 7 and 14, while the rate of vascu-
larization was increased in the control group on day 21. *e
increase of vascularization rate showed the acceleration of
healing in the hydrogel/HIIT exercise and hydrogel groups
on days 7 and 14. After 21 days, the number of vessels was
decreased, which indicated a suitable process of regenera-
tion. *e number of hair follicles was visible only on day 21
in the control group, and the number of hair follicles in the
two groups of hydrogel/HIIT exercise and hydrogel was
higher than that in the control andHIITexercise groups with
a significant difference. *e presence of inflammatory cells
in the control and HIITexercise groups showed a significant
difference between days 7 and 14 compared to the hydrogel/
HIIT exercise and hydrogel groups, and inflammatory cells
were decreased after day 21. *e hydrogel/HIITexercise and
hydrogel groups showed a significant reduction of inflam-
matory cell infiltration on days 7 and 14, and this amount
was reduced on day 21. Generally, the amount of inflam-
matory in the hydrogel/HIIT exercise and hydrogel groups
was remarkably different from the control and HIITexercise
groups.

5. Conclusion

In conclusion, collagen/nanoclay/tadalafil hydrogel facili-
tated movements of cells at the wound zone for improving
scar formation and accelerating wound contraction. *e
HIIT exercise with hydrogels decreased the duration of
epithelialization, increased wound contraction rate, and
enhanced crosslinking and the content of collagen in dia-
betic animal models. *ese findings have also revealed that
hydrogel-involved collagen/nanoclay/tadalafil can be con-
ducted as a high potential therapeutic approach in the
amelioration of diabetic wounds. *erefore, hydrogel/HIIT
exercise hydrogel would be an appropriate candidate for
wound healing due to the acceleration of wound healing, the
formation of hair follicles, and the arrangement of collagen
fibers.
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