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Abstract
In the present study, we fabricated vitamin D3-loaded alginate hydrogel and assessed its wound healing capability in the ani-
mal model. The various concentrations of vitamin D3 were added to the pre-dissolved sodium alginate in deionized water and 
cross-linked by calcium carbonate in combination with d-glucono-δ-lactone. The microstructure, swelling behavior, weight 
loss, hemo- and cytocompatibility of the fabricated hydrogels were evaluated. In the last stage, the therapeutic efficacy of 
the prepared hydrogels was evaluated in the full-thickness dermal wound model. The scanning electron microscopy images 
showed that the prepared hydrogel was highly porous with the porosity of 89.2 ± 12.5% and contained the interconnected 
pores. Weight loss assessment showed that the prepared hydrogel is biodegradable with the weight loss percentage of about 
89% in 14 days. The results showed that the prepared hydrogels were hemo- and cytocompatible. The animal study results 
implied that alginate hydrogel/3000 IU vitamin D3 group exhibited the highest wound closure present which was statisti-
cally significant than the control group (p < 0.05). Moreover, the histological examinations revealed that hydrogel containing 
3000 IU vitamin D3 had the best performance and induced the highest re-epithelialization and granular tissue formation. All 
in all, this study suggests that alginate hydrogels with 3000 IU vitamin D3 can be exploited as a potential wound dressing 
in skin tissue engineering.
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1  Introduction

Skin as the first defense line of the body plays a vital pro-
tecting role against the various pathogens and dehydration. 
Furthermore, skin as the largest organ of the integumen-
tary system has other important functions in fluid homeo-
stasis, thermal/sensory detection, temperature regula-
tion, sensation, and also the synthesis of vitamin D [1]. 
However, this organ is so vulnerable in which mechanical 
trauma, surgical procedures, burns, aging or reduced blood 
circulations can damage the layers of the skin [2]. Gener-
ally, skin is composed of three different layers including 
epidermis, dermis, and hypodermis which is able to be 
self-healed after injuries, but wounds necessitate imme-
diate treatment using proper wound dressing to aid the 
regeneration and healing process [3]. A proper wound 
dressing should be able not only to maintain the mois-
ture of the wound but also absorb the excess exudate in 
the wounded site. Moreover, it is beneficiary for a wound 
dressing to has the ability to be loaded with a specific 
wound healing enhancer such as proper and specific drugs, 
the natural substance, vitamins and so on.

Biocompatible dressings provide a suitable platform 
for cell adhesion and mimic the same extracellular matrix 
(ECM) as the tissue microenvironment. Different natural, 
synthetic and hybrid polymers have been used for fabricat-
ing the effective dressing to improve cell attachment and 
proliferation [4–7]. Hydrogels have an appropriate 3D 
microstructure which can provide structural totality to tis-
sue construction and controlled drug delivery. Generally, 
hydrogels are fabricated from hydrophilic polymers cross-
linked by either chemical interaction and covalent bonds or 
physical intermolecular and intramolecular attractions [8]. 
Hydrogels offer a great number of advantages for wound 
healing augmentation, for instance, they are suitable for 
topical drug delivery to the wounded skin, they are useful 
to maintain the moisture of the wound, and applicable for 
wound exudate [9–11]. Moreover, a hydrogel as the drug 
delivery vehicle can maintain a stable local concentration of 
therapeutic agent over the healing period [12]. A wide vari-
ety of materials have been applied for hydrogel preparation 
such as PLGA, PLLA, alginate, collagen, cellulose etc. [13]. 
Alginate is a polysaccharide extracting from brown seaweed 
and bacteria. It has gained a great deal of attention as the tis-
sue engineering biomaterial due to its biocompatibility, non-
immunogenicity, and biodegradability [14]. This polymer 
can be cross-linked by calcium chloride (CaCl2), calcium 
carbonate CaCO3 or calcium sulfate (CaSO4) to prepare a 3D 
structure suitable for drug delivery and tissue engineering 
applications [15]. Polymer-blended or drug-loaded alginate 
hydrogels have been widely used to enhance the healing effi-
ciency of wound dressing [16–18].

There are various types of pharmaceutical ingredients 
loadable into the hydrogels to enhance the healing effi-
ciency of a specific wound dressing [19–21]. Vitamin D3 
(1, 25-Dihydroxyvitamin D3), is one of the most effective 
therapeutic agents which has fascinating impacts on skin 
wound healing process. There is evidence that vitamin D3 
enhances the proliferation and differentiation of both fibro-
blasts and keratinocytes which are two primary cell types 
involved in the skin wound healing [22, 23]. Besides, it has 
been shown that vitamin D3 can promote vascular regenera-
tion [24]. Accordingly, in the way to develop a proper wound 
dressing we combined the positive properties of alginate 
hydrogel with biological properties of vitamin D3 and evalu-
ated its wound healing efficacy in the animal model.

2 � Materials and methods

2.1 � Materials

Sodium alginate, vitamin D3, penicillin, streptomycin, and 
d-glucono-δ-lactone (GDL) were purchased from Sigma-
Aldrich (St. Louis, USA). 3-(4, 5-dimethylthiazol-2-yl)-2, 
5 diphenyl tetrazolium bromide (MTT), Dulbecco’s modified 
Eagle’s medium: nutrient mixture F-12 (DMEM/F12), and 
fetal bovine serum (FBS) were purchased from Gibco, BRL 
(Eggenstein, Germany).

2.2 � Hydrogel fabrication

Sodium alginate was dissolved in deionized water to obtain 
the final concentration of 20 mg/mL (2 wt%). Next, based on 
the previous studies, two different concentrations of vitamin 
D3 were added to the alginate solution (3000, 30,000 unit Vit 
D3: 10 ml alginate) and mixed on the stirrer at room temper-
ature [25–27]. Calcium Carbonate (CaCO3) (144 mM) was 
mixed with GDL (added to initiate ionization of CaCO3) 
at molar ratio of 0.5 at neutral pH to cross-link alginate 
hydrogel [28]. The prepared sodium Alg/Vit D3 solutions 
were mixed and then vortexed with CaCO3 suspension for 
1 min. Finally, a fresh aqueous GDL solution added to the 
suspension and mixed well for another 1 min to activate the 
gelation process.

2.3 � Hydrogel characterization

2.3.1 � Morphological properties

Scanning Electron microscope (SEM AIS2100, Seron 
Technology, South Korea) was used to observe the mor-
phology and the ultrastructure of alginate hydrogel and 
Alg/30,000  IU D3. The samples were frozen for 6 h at 
− 80 °C and then the frozen gels were lyophilized using a 
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freeze drier (Telstar, Terrassa, Spain) for 48 h at − 54 °C. 
The lyophilized samples were sputter coated with a thin 
layer of gold using a sputter coater (SC7620, Quorum Tech-
nologies, England) and finally the imaging was done at an 
accelerating voltage of 20 kV.

2.3.2 � Swelling studies

The swelling behavior of Alg/Vit D3 hydrogels was meas-
ured in the phosphate buffered saline (PBS) solution 
(pH = 7.4), at ambient temperature. The prepared hydro-
gel was lyophilized by using a freeze drier until a constant 
weight of the gel. Then, the specific amount of hydrogel 
(4 ml) was immersed in 20 ml PBS and kept at the room 
temperature for 3 days to swell [29]. The swelling percent-
ages of samples were measured every 60 min for the first 6 
h and then every 2 h for the remaining hours. Subsequently, 
the samples were extracted from the solution and weighted 
quickly. The measurements were done and equilibrium mass 
swelling percentages were calculated based on Eq. (1).

where m0 and m1 are the dried mass weight and the mass 
swollen weight of the gel, respectively.

2.3.3 � Weight loss analysis

The weight loss of the prepared hydrogels in PBS solu-
tion (pH = 7.4) was used to measure the degradation rate 
of hydrogels. In this regard, the specific amount of the 
dried hydrogel disk was weighed and equal-size samples 
were immersed in a falcon tube containing PBS solution 
(pH = 7.4) (15 ml) at 37 °C [30]. At the specific time points 
(7 and 14 days) triplicate specimens for each group were 
taken out from PBS solution, dried, and weighted. Equa-
tion (2) was used to calculate the degree of weight loss.

where W0 is the initial weight of hydrogels and W1 is the dry 
weight after removal from the water.

2.4 � Blood compatibility

Human blood was used to evaluate the compatibility of the 
hydrogel. For this purpose, human blood was anticoagulated 
and diluted with normal saline. The samples were incubated 
with 0.2 ml of the diluted blood at 37 °C for 60 min. Then, 
the samples were centrifuged at 1500 rpm for 10 min and 
the created supernatant was transferred to a 96-well plate 
where the absorbance was measured at 545 nm by utilizing 

(1)Equilibrium mass swelling =
m1 − m0

m0

× 100

(2)Weight loss% =
W0 −W1

W0
× 100

the Anthos 2020 (Biochrom, Berlin, Germany) microplate 
reader. The positive control was 0.2 ml diluted blood in 
10 ml deionized water while the negative control was 0.2 ml 
diluted blood in 10 ml normal saline. Eventually, hemolysis 
degree was calculated using Eq. (3):

where Dt is the absorbance of the sample, Dnc indicates the 
absorbance values of the negative control, Dpc is the absorb-
ance values of the positive control.

2.5 � Cell viability studies

The MTT assay was used to quantitatively assess the cyto-
toxicity of the prepared hydrogels. Briefly, the mouse L929 
murine fibroblastic cell line was cultured at the density 
of 5 × 103 cells on the hydrogels in DMEM/F12 culture 
media supplemented with 10% (v/v) FBS, 100 unit/ml of 
penicillin and 100 µg/ml of streptomycin in a humidified 
incubator at 37 °C with 5% CO2. At each time point (1 and 
3 days after cells seeding), the culture medium was removed 
from the 96-well plate and 0.2 ml of MTT (0.5 mg/ml) was 
added to each well, and the cells were incubated at 37 °C 
for 4 h in a dark place. Then, the solution was removed 
and 0.1 ml DMSO was added to each well to dissolve the 
formed formazan crystals [31, 32]. The absorption values 
of the samples were measured at a wavelength of 570 nm 
by means of a microplate reader Anthos 2020 (Biochrom, 
Berlin, Germany).

2.6 � In vivo wound healing study

The wound healing ability of the prepared hydrogels was 
assessed in the full-thickness excisional wound model. 
Twenty-four healthy adult male Wistar rats (200–220 g) 
of 2 months of age were purchased from Pasteur Institute 
(Tehran, Iran). Animal experiments were approved by the 
ethics committee of the Kermanshah University of Medi-
cal Sciences (IR.KUMS.REC.1398.807) and were carried 
out in accordance with the university’s guidelines. Intra-
peritoneal injection of the mixture of Ketamine (Alfasan, 
Woerden, The Netherlands; 75 mg/1000 g body weight) 
and Xylazine (Alfasan, Woerden, The Netherlands; 
7 mg/1000 g body weight) was used to induce the general 
anesthesia. Afterward, a 1.50 × 1.50 cm2 full-thickness 
wound was excised using a scalpel blade on the back 
skin of rats near the neck posterior surface. The animals 
were then randomly divided into four groups (6 rats in 
each group) and the wounds were treated with alginate 
hydrogel without vitamin D3, alginate hydrogel/3000 IU 
vitamin D3, alginate hydrogel/30,000 IU vitamin D3, and 

(3)Hemolysis% =
Dt − Dnc

Dpc − Dnc

× 100
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sterile gauze as the negative control. The hydrogels were 
then mounted on the injury site using an elastic adhesive 
bandage.

The wound closure rate was recorded by a digital cam-
era (Canon Inc., Tokyo, Japan) at the 7 and 14 days post-
treatment and the wound area was measured by an image 
analyzing program (Digimizer, Ostend, Belgium). Finally, 
the wound closure was calculated via Eq. (4) [33]:

After 14 days of wounding, animals were sacrificed by 
injection of anesthetic drugs (150 mg ketamine and 20 mg 
Xylazine/kg body weight). The wound site was excised, 
and then the tissue was processed for histological evalu-
ation. The treated wound specimens were immediately 
fixed with paraformaldehyde (4% in PBS, 0.01 M, and 
pH 7.4), sectioned, and stained with hematoxylin–eosin 
(H&E) and Masson’s trichrome (MT) staining after pro-
cessing and embedding in paraffin to evaluate the best 
stage of healing. The stained specimens were observed 
and interpreted by an independent pathologist under a 
light microscope (Olympus, Tokyo, Japan) with a digital 
camera (Olympus, Tokyo, Japan). The re-epithelializa-
tion, the thickness of the deposited collagen, and histo-
morphometry analysis were conducted to confirm the 
healing process.

2.7 � Statistical analysis

The obtained data were statistically analyzed by the 
SPSS program, v.23 (IBM, Armonk, NY, USA) using 
one-way ANOVA test with Tukey’s multiple comparison 
test (p < 0.05). In all of the evaluations, the results were 
expressed as a mean ± standard deviation and, p < 0.05 
was considered as statistically significant.

(4)

Wound closure (%) =

(

1 −
Open wound area

Initial wound area

)

× 100

3 � Results

3.1 � Morphological studies

The morphology of the Alginate hydrogel and Alg/30,000 IU 
D3 hydrogel was observed by SEM (Fig. 1). Looking over 
the morphology of prepared hydrogel, it is found that the the 
hydrogels have a highly porous structure with interconnected 
pores which were created through the phase separation dur-
ing the lyophilization process. The porosity of alginate 
hydrogel was 89.2 ± 12.5%. By adding Vit D to the prepared 
hydrogel, the percent of porosity increased to 91.04 ± 5.7%. 
The differences between two samples are not significant. 
The Image J (National Institutes of Health, Bethesda, USA) 
and Origin Pro 2015 software (Origin Lab, Northampton, 
USA) was used to evaluate average diameters of the pores 
for both groups. For this purpose, a total of 20 random points 
per image were analyzed. The analytical results indicated 
that the pore size of prepared hydrogels was in the range 
of 75 to135 µm, which is favorable for cell attachment and 
migration [34].

3.2 � Swelling percentage of Alg/Vit D3 hydrogels

Swelling indicated the liquid absorption by the hydrophilic 
polymer and it could be assessed by calculating the hydrogel 
mass. Figure 2a depicts the time course of the swelling. The 
results revealed that the mass swelling ratio of the alginate 
hydrogels were 124, 336 and 132% in the time of 60, 240 
and 600 min, respectively. Additionally, the statistical find-
ings from this experiment showed that the amount of swell-
ing over time increases to 240 min, and then decreases.

3.3 � Weight loss measurements

Figure 2b shows the weight loss percentages of the alginate 
gel in PBS. Biodegradation of hydrogels would depend on 
several factors including; the polymer density, the molecu-
lar weight of the polymer, the hydrophilicity behavior of 

Fig. 1   a Scanning electron 
microscopy of a Alginate 
hydrogel, b Alg/30,000 IU D3
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polymers, the position, and the number of linkage points 
susceptible to hydrolysis (e.g., ester bonds and so on) [35].

Degradation analysis showed that the degradation profile 
of prepared hydrogels was in the acceptable range of 45 to 
89% during 14 days. The highest weight loss was observed 
in alginate hydrogel group. In other word, almost 89% of 
the initial weight of the alginate hydrogel has been lost after 
2 weeks of storage in PBS. There was a significant differ-
ence in the percentage of the biodegradability between the 
alginate hydrogel and Alg/30000 IU D3 groups (Fig. 2b).

3.4 � Blood compatibility or hemolysis assay

The interaction of the biomaterials with the blood compo-
nent is a critical step and determine the fate of the bioma-
terials and the success of the treatment. Hemolysis is the 
rupturing of the erythrocytes (red blood cells) membrane 
and release of the hemoglobin into plasma. This phenom-
enon is directly related to the blood compatibility of materi-
als. The hemocompatibility results (Fig. 2c) showed that the 
hemolysis of the prepared hydrogels was significantly lower 
than the positive control group.

3.5 � Cell toxicity studies

MTT assay was carried out to further evaluate L929 the 
biocompatibility of the prepared hydrogels. The cell via-
bility was measured hydrogels at 24 and 72 h after cell 
seeding and the results are shown in Fig. 3d.

As is shown in Fig. 3d, the prepared alginate hydrogels 
are not only biocompatible but also could stimulate the 
cells growth and proliferation in an obvious dose-depend-
ent manner at 24 and 72 h. The MTT results showed that 
the proliferation rate of L929 cells on Alg/3000 IU D3 
group was higher than other groups at 24 h after cell seed-
ing (Fig. 3d). The cell viability of this group was statis-
tically higher than the positive control (Tissue Culture 
Plate) and alginate hydrogel.

Moreover, the cells proliferation on the alginate hydro-
gel containing vitamin D3 3000 IU was significantly higher 
than the other groups at 72 h post cell seeding. Generally, 
the findings of cell viability studies revealed that the incor-
poration of vitamin D3 in alginate hydrogels made these 
engineered hydrogels more suitable for cell proliferation 
due to its cytocompatible nature.

Fig. 2   a Swelling percentages of the alginate hydrogel over time, b 
Weight loss percentage of the fabricated hydrogels at different time 
points (7 and 14 days), c Blood compatibility histogram of the experi-

mental samples, d MTT assay histogram after 24 and 72 h post cell 
seeding. Values represent the mean ± SD, n = 3, *p < .05, **p < .01, 
and ***p < .001. SD: standard deviation
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3.6 � In vivo wound healing study

The healing effects of the prepared hydrogel as the wound 
dressings were further investigated via the in vivo study and 
the results are presented in Figs. 3, 4 and 5. As shown in 
Fig. 3c, there are no signs of infection or inflammation in 
none of the experimental groups. The microscopic images 
of the wound healing processes displayed that the wound 
margin in the Alg/3000 IU D3 sample was unclear and this 
means the marginal regeneration in the aforementioned 
group.

The quantitative results of the wound closure percent 
measurement (Fig. 3d) demonstrated that the Alg/3000 IU 
D3 group exhibited significantly higher average wound clo-
sure than the other groups in both time intervals (p < 0.01). 
The average wound closure for the negative control group on 
the 7th and 14th days were 42.5 ± 0.58% and 64.8 ± 1.76%, 
respectively. However, the highest wound closure percent 
was observed in the Alg/3000 IU D3 group among all stud-
ied groups (p < 0.01) with the average wound closure of 
71.42 ± 0.81% and 92.03 ± 1.13% on days 7 and 14 post-
wounding, respectively.

3.7 � Histological and histomorphometric 
examinations

The wound area monitored over a period of 14 days and his-
tological and histomorphometric examinations were used to 
qualitatively and quantitatively evaluate the healing effects 
of the prepared hydrogels. Since the epithelium recovery 
plays a crucial role in the wound healing process the histo-
logical examinations were performed to evaluate the healing 
degree.

The results showed that the re-epithelialization of Nega-
tive Control group (0.5 ± 0.01) was at the minimum degree 
amongst all groups and the wound was hypocellular with 
a thin epithelium. On the other hand, the Alg/3000 IU D3 
group exhibited the highest re-epithelialization degree 
(4.24 ± 1.7) and significant healing response compared to 
the alginate hydrogel (0.81 ± 0.05) and negative control 
groups (p < 0.001). Moreover, Alg/3000 IU D3 group is sig-
nificantly higher than Alg/30000 IU D3 group (2.11 ± 0.9) 
(p < 0. 01).

The alginate hydrogels containing 3000  IU vitamin 
D3 had the best performance and induced the highest re-
epithelialization and granular tissue formation (Fig. 4k—
thick arrow) in the wound site. Histopathology results of 
Alg/30000 IU D3 group depicted the epidermal proliferation 
(Fig. 4n—thick arrow), neovascularization (Fig. 4o—thin 
arrows), and a loose crust of dermal layers in this group. One 
of the most critical requirements for the skin wound repair is 
angiogenesis. Interestingly, the histological results revealed 
that the capillaries formation index of the Alg/3000 IU D3 
group was higher than those for the Alginate hydrogel, and 
Alg/30000 IU D3.

The Masson’s trichrome (MT) staining was used to evalu-
ate the collagen formation and deposition during the wound 
healing process (Fig. 5). The results showed that a low dose 
of the vitamin D3 treated group had the greatest collagen 
thickness (as an important factor for the skin reconstruc-
tion). Conversely, the collagen thickness was decreased by 
increasing the dose of vitamin D3/30000 IU. Likewise, the 
alginate hydrogel group exhibited loose reticular arrange-
ment of collagen.

Based on the histopathological results, it is found that the 
wound healing degree of the Alg/3000 IU D3 treated group 
was similar to that of the positive control group (the normal 

Fig. 3   a Macroscopic image of the wound model created on the dor-
sum of the rats. b Image of wound dressing. c Gross morphology 
of wound healing in the experimental groups at the different time 

points. d Histogram comparing the wound closure 7th and 14th days 
post wounding. Asterisk indicates statistically significant difference 
among the groups (p < 0.001)
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skin structure without injury, Figs. 4 and 5a–c) at day 14. 
Among the experimental groups, the best cosmetic appear-
ance was observed in the Alg/3000 IU D3 group in which 
the neovascularization (Fig. 5l—thin arrows) and growth 
of hair follicles easily can be seen (Fig. 5k—thick arrows).

4 � Discussion

Recently, many researchers and companies have focused on 
fabrication and development of the effective wound dressing 
able to enhance the wound healing process and improve the 
quality of the regenerated skin. Hydrogel-based biomaterials 
offer a wide range advantage for skin damage healing due to 
their interesting properties. The highly porous structure of 
the hydrogels along with the interconnected pore structure 

makes them ideal for tissue regeneration. In a study, Yan-
nas et al. found that the optimal average pore diameter of a 
proper hydrogel must be neither lower than 20 μm nor higher 
than 120 μm for skin regeneration purposes [36]. In other 
words, this pore size range allows the cells to migrate and 
home inside the pores of the hydrogel-based biomaterials 
[37]. The analytical results of our study showed that the con-
structs had a pore size in the range of 75 to 135 µm, which 
was favorable for cell migration and proliferation [34].

Hydrogels are able to absorb a huge amount of water 
which make them fascinating drug delivery vehicles. Hydro-
gels can swell in water and retain a significant deal of water 
within the 3D cross-linked network without dissolving [38]. 
In this regard, the interested drug of bioactive molecules 
can be dissolved in the entrapped water and release from 
the hydrogel in a controlled manner [39]. Hydrogels can 

Fig. 4   H&E stained micro-
scopic sections of healed 
incisions in rats at 14 days. a, b, 
c Positive control d, e, f Sterile 
gauze-treated wound, g, h, i 
alginate hydrogel without vita-
min D3, j, k, l alginate hydro-
gel/3000 IU vitamin D3, (m, n, 
o) alginate hydrogel/30,000 IU 
vitamin D3
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be exploited as the topical drug delivery for the wounded 
skin and effectively deliver the healing enhancer agent to the 
wound. Regarding alginate hydrogel, dry sodium alginate 
polysaccharide chains interact with water to produce a sol 
and then, di- or multi-valent cations can cross-link the chains 
to produce a hydrogel. Cross-linking of surface-attached dry 
alginate layers by an aqueous CaCO3 solution resulted in the 
interconnection of polysaccharide molecules and the for-
mation of a single gel slice (soft hydrogel), which support 
robust cell growth in vitro [40]. The swelling behavior of 
ionic hydrogels is affected by the following components; the 
free energy change of mixing, the free energy changes due to 

the network elasticity, and the free energy change resulting 
from the presence of mobile ions [41].

The degradation rate of hydrogels is another critical 
parameter which determine the efficacy of the treatment. 
The degradation rate has a direct correlation with releasing 
the loaded drug from the matrix of the hydrogel. Our results 
showed that the degradation rate of the prepared hydrogels 
is in the acceptable range of 45 to 89%. Moreover, it is 
observed that the incorporation of vitamin D3 reduced the 
degradation rate which can be attributed to the hydrophobic 
nature of vitamin D3 [42], which reduces the hydrophilicity 
of the hydrogel. Besides, it is shown that at higher degrees 

Fig. 5   MT stained microscopic 
sections of healed incisions in 
rats at 14 days. a, b, c Positive 
control, d, e, f Sterile gauze-
treated wound, g, h, i alginate 
hydrogel without vitamin D3, j, 
k, l alginate hydrogel/3000 IU 
vitamin D3, m, n, o alginate 
hydrogel/30000 IU vitamin D3
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of vitamin D3 (30000 IU), the degradation profile of the scaf-
folds was significantly slower than the other groups.

Hemolysis which is defined as the release of hemoglobin 
into plasma due to damage of erythrocytes is another impor-
tant factor for the materials used in skin tissue engineer-
ing. Precisely, Wang et al. have shown that hemolysis is 
directly related to the blood compatibility of materials [43]. 
We have found that the hemolysis rate of the Alg/30000 IU 
D3 sample in vitro was lower than the other groups. It was 
also observed that the addition of vitamin D3 into the hydro-
gels decreased the hemolysis rate as compared to hydrogels 
without this vitamin. This observation can be related to the 
biocompatibility of vitamin D3.

The cell viability and proliferation evaluation conducted 
with MTT assay showed that the L929 cell seeded on the 
hydrogels loaded with vitamin D3 3000 IU exhibited the 
highest proliferation rate compared with the other groups at 
24 and 72 h post cell culture. Moreover, our results revealed 
a dose-dependent cell growth indicating the positive effect 
of the incorporating vitamin D3 on cell proliferation. These 
results are in agreement with Bollag WB et al. report which 
confirmed the positive effect of vitamin D3 on keratinocyte 
cell growth [44].

The efficacy of hydrogels containing vitamin D 3 as a 
wound dressing was also evaluated via the in vivo evaluation. 
The results showed that the prepared hydrogel-based dress-
ings had the higher wound closure present than the gauze-
treated wound (negative control) and the highest wound 
closure percentage was obtained with the Alg/3000 IU D3 
group. This observation is related to the proliferative effect 
of vitamin D3 on keratinocyte and fibroblast cells [24, 45].

Oxidative stress induced by reactive oxygen species 
(ROS) has the inhibitory effect on the wound healing due 
to the harmful effects on healthy tissues and cells functions 
[46]. Antioxidant materials and biomolecules can eliminate 
these harmful effects and improve the healing process [47]. 
Vitamin D3 is a well-known biological agent that can act 
as an anti-inflammatory and anti-oxidant factor through 
various mechanisms such as inducing the several molecules 
expression involved in the antioxidant active defense sys-
tem including GSH, GSH peroxidase, and SOD [48]. The 
observed positive effects of vitamin D3 on healing efficacy 
in vivo can be related to the antioxidant activity of vitamin 
D3.

Neovascularization plays a vital role in the skin wound 
healing process which mediates oxygen and metabolites 
delivery to the tissues and subsequently maintains the newly 
formed granulation tissue and the survival of keratinocytes 
[49]. The histopathological evaluation revealed that the 
alginate/vitamin D3 treated wounds also increases angio-
genesis in vivo. This effect on angiogenesis may be due to 
the activation of the CD45, CD117, Sca-1 and Flk-1 positive 
angiogenic myeloid cells (AMC) through the incorporation 

of vitamin D3 [24, 49]. Furthermore, the results of the 
histomorphometric analysis showed that Alg/3000 IU D3 
represent the highest angiogenesis and re-epithelialization 
indexes [45].

5 � Conclusion

The main aim of the present study was to evaluate the 
combined positive effect of alginate hydrogel with vitamin 
D3 on the wound healing process. We fabricated sodium 
alginate hydrogel containing vitamin D3 and after charac-
terization, their wound healing efficacy was assessed in the 
animal model. Our results showed that the properties of the 
alginate hydrogels are favorable for the skin wound dressing 
applications. In vitro cell growth study confirmed that the 
Alg/3000 IU D3 properly induced cells proliferation and the 
highest cell growth was observed in this group. Furthermore, 
the in vitro evaluation results indicated that the Alg/3000 IU 
D3 was capable to accelerate wound healing. Neo-tissue 
and granulation tissue formation significantly were seen in 
Alg/3000 IU D3 group compared to other groups. The find-
ings of this experiment suggest that the prepared dressing 
based on alginate/vitamin D3 hydrogels are promising for 
successful skin wound treatment.
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