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Abstract

Background: Hydrogels based on natural ingredients, such as alginate, are considered promising wound dressings. Alginic acid,
a polysaccharide polymer, is a structural component of the cell walls of brown algae. The important features of alginates used in
biological dressings include non-toxicity, biocompatibility, biodegradability, hydrophilicity, and excellent swelling behavior.
Objectives: In this study, the effects of alginate hydrogels and commercial alginate dressings were studied with regard to wound
recovery in a rat model.

Methods: Fifteen Wistar rats were divided into three groups of five. One wound measuring 1 X 1 cm square was made on each
rat using a template. One rat in each group was euthanized on the 4th, 7th, 14th, and 21st days, and skin samples were taken for
histopathological analysis.

Results: The findings showed that the average total time of wound healing in the synthetic alginate dressing group was similar to
that of the commercial dressing group. In this study, we found that synthetic alginate hydrogels were much more convenient for
wound dressings and for the treatment of surface wounds.

Conclusions: The treatment outcomes showed that our synthetic alginate hydrogel dressing was highly promising as an alternative
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wound-healing system, opening a new path toward future research and development.

1. Background

Wound healing is a dynamic physiological process
that is initiated and influenced by several factors. The
process can be divided into four steps: hemostasis, in-
flammation, proliferation, and remodeling (1). Hydrogels
based on natural materials are considered promising as
wound-coverings due to their non-toxicity, biocompatibil-
ity, biodegradability, insolubility, hydrophilicity, and ex-
cellent swelling behavior (2). They can form flexible and
strong covering materials that are penetrable to water va-
por and metabolites, protecting wounds against bacterial
infection (2). After the Second World War, the use of algi-
nate dressings as hemostatic agents was reported both in
vitro and in clinical studies. They were also used for wound
healing initially in surgical wounds, then for accidents and
in emergency departments (3, 4).

Alginate is a natural anionic and hydrophilic polysac-
charide. It is one of the most abundant biosynthe-
sized materials and is derived largely from brown sea-

weed and bacteria. Alginate contains blocks of (1-4)-
linked B-D-mannuronic acid (M) and a-L-guluronic acid
(G) monomers (5). Alginate is of interest for a wide range
of applications asa biomaterial and especiallyas a support-
ing matrix or delivery system for tissue-healing and regen-
eration (5, 6).

Alginates are used in healthcare and are available on
the market under several logos. They can be easily and
rapidly prepared, making them appealing from an indus-
trial point of view (7).

Alginate hydrogels are stable in acidic media, whereas
they simply swell and fragment in alkaline media and in
normal saline solution. Calcium ions are released dur-
ing ion exchanges with sodium in the medium,; electro-
static repulsion accelerates between the carboxylate an-
ions, causing the swelling and erosion of the alginate gel
(8,9).
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2. Objectives

On the basis of data reported in previous studies,
we evaluated the wound-healing effects of a synthetic
alginate-based hydrogel dressing in a rat model.

3. Methods

3.1. Alginate Hydrogel Synthesis

First, 0.6 g of alginate powder was added to 40 mL of
ion-free water and mixed at 45°C and 600 rpm for 10 min-
utes until the solid compound dissolved. After dissolution,
0.225 g of liquid ethylene glycol was added to the alginate
solution and stirred with a magnetic stirrer for 10 min-
utes at 200 rpm. Next, for degassing and complete evap-
oration of the solvent, the mixture was placed in a vac-
uum oven for 24 hours at 40°C. Then, 4% CaCl, solution
was added to an alginate film in a Petri plate, the solu-
tion was removed, and the film was washed with ion-free
water. Hydrogel films were placed in tubes containing 10
mL of phosphate buffered saline (PBS; pH = 7.4) at 37°C. Fi-
nally, the structure of the alginate hydrogel was charac-
terized by Fourier-transform infrared (FTIR) (PerkinElmer,
USA) and nuclear magnetic resonance (NMR) (Bruker, Ger-
many) spectroscopy (10).

3.2. Toxicity Assessment of Synthesized Alginate Hydrogels

In this experiment, three different types of hydrogel,
including agar, synthetic alginate hydrogels, and commer-
cial alginate hydrogels, were investigated using 24-well
plates (gel surface approximately 1 cm), with 20,000 cells
after four days. This was performed in accordance with the
standards ISO10993-5 and directly (Direct) was performed.
For the culture conditions, the incubator contained 5% car-
bon dioxide and 90% humidity, at a temperature of 37°C.
Cell-culture plates were used as a negative control (non-
response cytotoxicity).

Cell proliferation was used to evaluate toxicity with
the MTT assay. For this test, 20,000 cells per sample were
poured into 50 ml of serum-supplemented media. After
three hours, the cells could be cultured on stick samples
for adding to the sample surface for covering. This pro-
cess was similar to that of the control sample. The cell-
culture medium was removed after a specified time (three
days) and 100 ml of MTT solution was applied to each well
at a concentration of 0.5 mg/ml, then incubated at 37°C
for 4 hours. Supernatants were removed and isopropanol
was added to dissolve the purple crystals. The dissolved
amount of material in isopropanol was identified at 570
nm with an ELISA reader (Convergent EL-Reader 96X, Ger-
many). Wells with more cells showed higher optical den-
sity than in those with fewer cells. Thus, using a specific

equation, wells with much higher cell counts can be iden-
tified and compared with control samples. It should be
noted that hydrogel substrates do not have the ability to
attract and be stained with formazan, therefore, the MTT
test did not have possible errors (11).

3.3. Animals

A total of 15 male Wistar rats (weight 180-200 g) were
used in the present study. The animals were acclimatized
to the laboratory conditions for one week prior to the on-
set of the experiment. The rats were individually caged,
fed with commercial rat chow, and allowed water ad libi-
tum. The experimental protocol was approved by the Insti-
tutional Animal Ethics Committee of the Pasteur Institute
of Iran.

3.4. Experimental Group

The animals were randomly divided into three exper-
imental groups of five rats each. The rats in the negative
control group were not topically treated. The positive con-
trol group was treated topically with a commercial gel,and
the third group was treated with the synthetic alginate hy-
drogel.

3.5. Experimental Design

The rats were anesthetized with intraperitoneal injec-
tions of ketamine hydrochloride (100 mg/kg body weight)
and xylazine (10 mg/kg body weight) prior to the cre-
ation of the excision wounds (12). Briefly, the skin area
was shaved one day prior to the experiment, and one full-
thickness wound measuring 1 X 1 cm square was created
on each rat with a template. The topical treatments con-
tinued for 21 days; the dressings were changed every two
days. On days 4, 7, 14, and 21, one rat from each group was
euthanized with an overdose of ether inhalation, and skin
samples were taken for histopathological analysis.

3.6. Histopathological Analysis

For macroscopic assessment, the wound area was mea-
sured by taking a photograph of the outline of the wound
every day, while the time required for healing was also mea-
sured (13). For microscopic assessment, skin samples were
fixed in 10% formalin solution and embedded in paraf-
fin. Tissue sections of 4-5 ym thickness were cut, then
hematoxylin-eosin staining (H&E) and Masson’s trichrome
staining were performed. The wounds were evaluated for
the extent of re-epithelialization, inflammation, angiogen-
esis, fibroblasts, collagen, and hair follicles.
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3.7. Statistical Analysis

The non-parametric Friedman test was used to com-
pare the groups. The level of statistical significance was P <
0.05.

4. Results

4.1. Synthetic Alginate Hydrogel

The prepared synthetic alginate gels and commercial
alginate gels consisted of uniform transparent sheets of
three-dimensional networks with a thickness of 3-4 mm.
They showed good transparency to allow monitoring of
the healing progress, as well as ensuring timely dressing
alterations.

4.2. Toxicity Assessment of Synthesized Alginate Hydrogels

MTT cytotoxicity test samples were drawn for testing
over a period of 3, 7, and 14 days on 3T3 cell fibroblast cells
and charts. It can be seen in the comparison columns that
all samples had an 80% higher survival rate within 3-14 days
and all of the hydrogels lacked toxicity during this time pe-
riod compared to the control samples. Commercial algi-
nate hydrogels had a better situation to synthesized algi-
nate hydrogels, but not at a level harmful to cells. The re-
sults are shown in Figure 1.
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Figure1. Cell proliferation with three different hydrogels based on fibroblast counts
at 5,10, and 14 days on the basis of MTT. *Assessments were conducted simultane-
ously with three separate tests (P < 0.05). AHC: alginate hydrogel commercial; AHS:
alginate hydrogel synthetic.

4.3. Total Average Healing Time

The times for wound healing in the negative control
group (A), commercial alginate hydrogel group (B), and
synthesized alginate hydrogel group (C), respectively, were
9.4, 7.7, and 8 days. Based on the results, the average heal-
ing time in group B was lower than in the other groups.
However, there was no statistically significant difference
between groups Band C.The average healing time in group
C was similar to that of group B. The results are shown in
Figure 2.
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Figure 2. (A) Comparison of overall average time required for healing. (B) Compar-
ison of scar formation times. (C) Comparison of scar size. *Results based on the in-
dependent third test were the same (P < 0.05).

4.4. Scar Formation Time

The commercial alginate hydrogel group (B) required
the least time for scar formation, with an average of 9.1
days. The times for group A and group C were 10.5 and 9.5
days, respectively. Although the time until scar formation
was lower in group Bthan in the other groups, it showed no
significant difference with group C. The results are shown
in Figure 2.

4.5. Remaining Scar Size

The measurement of remaining scar size was not sta-
tistically significantly different between groups. The com-
mercial alginate hydrogel group had the smallest scars at
6.1 cm?. Scars measured 7.2 cm? and 6.3 cm? in the nega-
tive control group and the synthesized alginate hydrogel
group, respectively (Figure 2).

4.6. Angiogenesis

The peak period of vascularization was on day 7. Group
B had the highest level of vascularization but did not show
significant differences with group C (Figure 3).

4.7. Number of Fibroblasts

The number of fibroblasts were significantly different
between the experimental groups at days 4, 7, and 14, but
did not show significant differences at 21 days. The num-
ber of fibroblasts was the most increased on day 14. Group
B had the highest number of fibroblasts, but this was not
significantly different from group C (Table 1).

4.8. Hair Follicle Density

One of the indicators of the quality of wound healing
is the regrowth of hair follicles. Follicular growth was not
seen on days 4,7, and 14, but was detected at 21 days. The av-
erage follicle numbers observed in each of the groups are
shown in Figure 3.
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Figure 3. Statistical comparison of the density of hair follicles, numeric density of blood vessels, and density of collagen fibers in each group on days 4, 7,14, and 21. *Results

based on the independent third test are the same (P < 0.05).

Table 1. Statistical Comparison of Fibroblasts in Different Groups at 4, 7,14, and 21 Days®

Group and day A4 A7 A14 A21 B4

B7 B4 B21 Ca (o) C1a C21

Fibroblasts 500 1200 2500 1200 550

2200 6500 2200 500 5500 7200 4700

AResults based on the independent third test were the same (P < 0.05).

4.9. Epidermal Depth

Measurements of epidermal depth are effective for de-
termining the degree of wound healing. These measure-
ments were compared to normal skin tissue and expressed
as percentages. The epidermal thickness was not calcu-
lated on day 4 because the epidermis was not fully formed
and was not measurable. Groups Band C had much greater
epidermal depth on days 7 and 14, compared to group A
(Figure 4).

4.10. Collagen

The amount of collagen in the samples was measured
and showed statistically significant differences on days 4,
7, and 14 in each group. No statistically significant differ-
ence was observed on day 21. Day 14 showed the most colla-
gen growth, with group B having the highest level. Groups
B and C did not show a statistically significant difference
(Figure 3). Vascularization was shown with H&E staining
on day 7 (Figure 5) and fibroblast growth was shown with
H&E staining on days 7 and 14 (Figure 5).

5. Discussion

Significant skin damage from tissue lesions and the
mechanisms of healing are important issues in the phar-
maceutical and medical industries. Their importance is es-
peciallynotable during disasters and crisis situations, such
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Figure 4. Thickness of epidermis different size groups at days 4, 7,14, and 21. *Results
based on the independent third test are the same (P < 0.05).

as in war zones, where appropriate treatment methods are
required (14). Natural hydrogels are some of the most im-
portant and appropriate types of wound dressings. Nat-
ural hydrogel wound dressings are prepared from alginic
acid and are widely used (15). Various studies have studied
wound healing using these hydrogels. Freeman et al. eval-
uated the effects of sulfated alginate hydrogels on specific

Trauma Mon. 2017; 22(6):e64270.
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Figure 5. Transverse sections with a H&E staining at 7 days, representing vascularization. (A) Without treatment; (B) control (commercial alginate dressing); (C) synthetized
alginate hydrogel; Transverse sections with H&E on days 7 and 14, representing increased fibroblast growth. (D) commercial alginate dressing; (E) synthetized alginate hydro-

gel.

binding and for the release of proteins that bind to hep-
arin in wound healing (16). Jeon and colleagues evaluated
growth factors while using alginate hydrogels, based on
their affinity to heparin (17). Gupta et al. evaluated alginate
hydrogels combined with aloe vera (18), while Babavlian
et al. evaluated antibacterial peptide-containing sulfated
alginate hydrogels in the healing of infected wounds (19).
Nazeri and colleagues studied the effects of alginate hy-
drogels with honey (20), and Straccia assessed chitosan-
alginate hydrogels (2). All of the results have suggested an
important role for alginate hydrogel dressings in wound
healing. According to the results obtained in the first step
of the present research, commercial and synthesized algi-

Trauma Mon. 2017; 22(6):64270.

nate hydrogels had the best results for all indicators exam-
ined. The statistical results of this study showed that day
4 indicates the inflammation stage of the wound-healing
process. Synthesized and commercial alginate hydrogels
resulted in the highest rates of recovery.

Our results clearly confirmed the positive impact of
synthesized alginate hydrogels on skin wound healing.
Synthesized and commercial alginate hydrogels had the
shortest healing times, with a significant statistical differ-
ence compared to the negative control group (P < 0.05).
Synthesized and commercial alginate hydrogels demon-
strated the best results with regard to scar formation and
scar size, showing significant differences with the negative
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control group (P < 0.05). Microscopic studies confirmed
all of the results. The synthesized and commercial alginate
hydrogels showed a statistically significant difference with
the negative control group with regard to vascular density
and number of fibroblasts on days 4, 7,and 14 (P < 0.05).

Angiogenesis is necessary in wound healing, and scars
are saturated with blood vessels (21). Angiogenesis uses
granulation tissue, and vessel formation is a restructuring
process. Angiogenic factors can stimulate and accelerate
wound healing. Wound healing does not need vessel den-
sity in the inflammatory stage (22). Angiogenesis is also an
important factor in the regeneration of skin. Research has
shown that angiogenesis and granulation are increased
in rats on day 7, but after that, these processes may be
blocked. If blood vessels cannot be generated, fibroblast
migration will be stopped and regenerative skin cannot be
produced. Our results showed that the process of angio-
genesis was increased in all groups. Synthesized and com-
mercial alginate hydrogels showed decreased angiogene-
sis after 7 days. Thus, both accelerated and reduced blood
vessel growth play important roles in wound healing. Syn-
thesized and commercial alginate hydrogels showed the
highest angiogenesis at day 7, and showed the best overall
results. Epithelialization is an important factor in wound
healing, and occurs due to the migration and division of
epidermal cells. Epidermis reconstruction begins immedi-
ately after the injury and is almost complete in four weeks
(23). The size of the newly formed epidermis was increased
with the synthesized and commercial alginate hydrogels
at day 7, and significant differences were clearly seen with
the negative control group. These therapeutic properties
indicate that synthetic alginate hydrogels have a great po-
tential for treating and healing wounds.

5.1. Conclusion

Commercial alginate hydrogels showed relatively bet-
ter results than synthesized alginate hydrogels, but there
were no statistically significant differences between them.
Synthesized alginate hydrogels were similar to commer-
cial alginate hydrogels.
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