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ABSTRACT
OBJECTIVE: Platelet-derived growth factor (PDGF-BB) is an important factor in the regeneration and wound 
healing. One of the problems is that there is not enough effi ciency in the transmission or delivery of such factors 
in the wound site. In this study, alginate sulfate hydrogel was synthesized with recombinant PDGF-BB growth 
factor for achieving a quick method in wound healing.
METHODS: In this study, Alginate sulfate hydrogel was made by photo-crosslinking method and methacrylate. 
Its toxicity was evaluated by MTT assay. Transforming growth factor was studied in releasing from synthesized 
alginate sulfate hydrogels and also, lack of toxicity was confi rmed, and hydrogel was made with a recombinant 
human growth factor. Wounds were created with a diameter of 10 mm on the back of rats in order to check 
the wound healing. 
RESULTS: This study showed that alginate sulfate hydrogels-PDGF-BB were faster in wound healing than 
non-sulfate alginate hydrogels-PDGF-BB. Therefore, the controlled delivery of growth factor system can be a 
powerful idea for therapeutic applications for wound healing. 
CONCLUSION: Alginate sulfate hydrogel with recombinant growth factor 4 μg/cm2 (PDGF-BB) was very suitable 
for wound healing (Tab. 1, Fig. 3, Ref. 34). Text in PDF www.elis.sk.
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Introduction

Skin wounds and tissue damage are important issues in heal-
ing. The importance of this issue is especially signifi cant during 
disasters and crisis conditions, which need appropriate treatment 
methods and to promote healing of injuries (1, 2). Wound dress-
ing material is placed directly on the surface of the wound and it 
should be designed in an appropriate way, which improves vari-
ous stages of healing. Modern dressings have different types and 
different classifi cations. Natural hydrogels are the most common 
types of modern wound dressings, and can be used as carriers 
for targeted compounds to accelerate wound healing (2–5). The 
natural hydrogel can be widely used in the preparation of modern 
wound healing, such as alginic acid. The alginic acid polymer 
is a structural component, which can be obtained from polysac-
charide cell wall (6). Alginate has many properties, such as: non-
toxic, non-carcinogenic, non-allergic, absorptive, a hemostatic 

agent, strength, biocompatibility, sterility, customizable, low-cost 
technology and etc. These types of dressings are more effi cient in 
wound healing than others. In addition, the physical and chemi-
cal properties depend on calcium ions, sodium alginate hydrogels, 
relative concentrations, structure monomers. A rich dressing- glu-
conic acid ion easily reacts to sodium and produces gels with a 
high durability. Sodium alginate solubility causes swelling of 
fi ber by ion exchange on the wound´s surface. It is a convenient 
feature for wet dressings formation (7). On the other hand, better 
understanding and identifying of molecular and cellular mecha-
nisms, which are involved in the healing wounds process, helps 
to fi nd the best way for wound healing. Numerous studies have 
shown benefi cial effects of these growth factors and cytokines in 
wound healing. Platelet-derived growth factor (PDGF-BB) is the 
fi rst growth factor with chemotactic properties, which is applied 
for cells migration such as: neutrophils, monocytes and fi broblasts 
and to intensify fi broblast proliferation, extracellular matrix pro-
duced by these cells and to stimulate fi broblasts into myofi bro-
blasts phenotype and induction of collagen matrix in the wound site 
(8–11). The most important usage problem of this growth factor 
is an inadequate delivery of growth factor in wound site and that 
they have a live and clinical limitation as well. So, the gradual 
development of a delivery system leads to healing in the shortest 
time. There are different strategies of growth factor delivery from 
hydrogels, which include direct and indirect methods. Direct deliv-
ery occurs through physical enclosed, non-covalent bonding and 
covalent bonding via a hydrolytic or biodegradable enzyme. An 
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indirect method is based on management delivery system for gene 
therapy and cell transplantation (12–14). The controlled release of 
the growth factor PDGF-BB of alginate hydrogels is prepared by 
affi nity or desire, which can be used in wound healing in animal 
models (13, 15). In this study, alginate sulfate hydrogel was syn-
thesized with recombinant growth factor PDGF-BB for achieving 
a quick method in wound healing.

Methods and materials

Alginate sulfate synthesis
Various methods were used for sulfate sodium alginate such 

as: Huang Ronghna and colleagues in 2003 (16), Lihong Fan and 
colleagues in 2011 (17). The most important method of sulfate al-
ginate synthesis was modifi ed by Fang and Jiang (18). 10 gr of so-
dium algi nate (Merck, Germany) was added to a sulfating reagent 
containing 80 mL of Formamide and 20 mL of Chloro sulfonic 
acid for synthesizing the alginate sulfate; the mixture was main-
tained at 60 °C for 4 hours until the mixture color turned brown. 
Then, 200 mL of acetone was added to the solution sediment and 
the sediment was dissolved in distilled water. The pH was set to 
10 – 11, and the solution was dialyzed and concentrated for 72 
hours. Finally, the struc ture and amount of the sulfate hydrogel 
were characterized by Elemental Analyzer (Eltra CS800 ) Fou-
rier Transform Infrared (FTIR) (PerkinElmer, USA) and nuclear 
magnetic resonance (NMR) (Bruker, Germany) spectroscopy (1). 

Synthesized alginate hydrogels sulfate by photocrosslink
Alginate sulfate (2.5 %) was completely dissolved in 20 ml 

of water. Then, 20 ml methacrylate (pH = 7) was added and the 
resulting solution was kept for 72 hours at room temperature (foil 
wrapped around it). After 72 hours, 40 ml was divided into the 
two tubes of 50 ml and then, 30 ml ethanol was added to each and 
they were centrifuged in 1400 g for 5 minutes. The solvent was 
discarded, and the sediment was obtained. 5 μl EDC ([N-ethyl-
N’-(dimethyl aminopropyl) carbodiimide) (0.005 in 100 ml H2O) 
was added to 0.25 g alginate sulfate methacrylate powder, which 
was dissolved in 200μ of water, and fi nally, they were light up for 
15-10 minutes (19).

Recombinant human platelet-derived growth factor – hydrogel 
synthesis

Recombinant human platelet-derived growth factor-PDGF-
BB (4 μg/ml) was added into alginate and alginate sulfate meth-
acrylate in 1.5 ml of water 0.05 % (photoinitiator). Both solutions 
were mixed for 5 minutes and 300 microliters of the solution were 
poured in 96 tissue culture plates with 365 nm light was done for 
10 minutes to form the hydrogel photo-crosslink. Then, each of 
hydrogel photo-crosslink was incubated in 15 ml tube containing 
10 ml of phosphate salt buffer with pH = 7.4 and at 37 °C. The 
supernatant was removed, and the fresh buffer was full again at 
predetermined intervals during the three weeks. Sandwich ELISA 
method was used to investigate the protein concentration in the 
supernatant. Sample´s absorption was read at 450 nm by ELISA 
reader. The growth factors present in each sample calibration was 

curved based on the standard serial dilutions of each and OD was 
plotted and the protein concentration was measured by compar-
ing the OD values,   which were obtained with the standard curve 
(20, 21).

Experimental groups and design
Rats (Albino-N-Mari, Male, 180–200 g)) were randomly di-

vided into 3 experiment groups (each group contains 5 animals) 
and they were kept in individual cages. Rats were controlled in 
a standard environment (humidity and temperature) on a 12/12 
hours light/dark cycle with standard food and water, following 
experimental procedures approved by the Ethical Committee for 
Animal Research of Baqiyatallah University of Medical Sciences. 
After skin preparation, the anesthesia was done with Xylene (6.5 
mg/kg) and Ketamin (34.5 mg/kg). Dorsal incisional wounds were 
made with a 1×1 cm square wound area. In this study, the treat-
ments including Group A: control (no treatment), Group B: alginate 
sulfate hydrogels without recombinant growth factor, Group C: 
alginate ammonium hydrogels with 4 μg/cm2 recombinant growth 
factor. Rats were sacrifi ced and their wound sites were taken for 
microscopic studies and histology on days 4, 7, 14 and 21 (10, 22). 
The microscope sections were stained by Hematoxylin and Eosin. 

Evaluation of wound healing process 
Photos of wound sites were taken every day and were analyzed 

and evaluated by Image J software. In microscopy, the histologi-
cal study was carried out. For histological studies, the number of 
rats was selected and in case the package containing chloroform 
were sacrifi ced and wound samplings were taken, the slides were 
stained by Hematoxylin–Eosin staining. Samples were evaluated 
under a light microscopy. The separation time remaining scabs and 
scar sizes analysis were conducted based on the photos. All the 
steps on animals, such as ulcers, its treatment and level measure-
ment were performed by a certain person (23–25).

Statistical analysis 
SPSS software was used to analyze data and the non-paramet-

ric Kruskal–Wallis test was used due to the low sample size in each 
group for comparing the target groups and Mann–Whitney was 
used for comparing the two groups and also, the level of statisti-
cally signifi cant difference was considered (p < 0.05).

Results

Sulfated sodium alginate
Sulfated alginate was achieved, and it took more time and the 

amount of sulfate reached to 0.6 %. It was confi rmed by Elemen-
tal Analysis and FTIR test, that the amount was too low and we 
changed and improved the Protocol. Finally, 13 % of sulfate was 
taken, which was the appropriate amount.

Characterization of methacrylate alginate sulfate and photo-
crosslinking hydrogel 

Methacrylate was connected to the main chain reactive carbox-
ylic acid groups by alginate sulfate with alginate Amin (2-amino 
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ethyl Methacrylate, AEMA) for integration of alginate hydrogel 
into photocrosslinking alginate sulfate during the process of pho-
to-polymerization. A stable Amide connection was paired by the 
chemical composition of water Carbodiimide. H-NMR spectrum 
of alginate sulfate methacrylate showed methylene vinyl, methy-
lene and methylene protons, which were newly formed by reaction 
with AEMA and they were in the area of δ 6/2 and 5/7, 2/9 and 
1/95, respectively. Spectra showed that alginate sulfate has suc-
cessfully become methacrylate. Photocrosslink with H-NMR was 
investigated, and the emergence of peak showed methylene vinyl, 
which changed to δ 1/2 H-NMR spectrum. Methacrylate showed 
new peaks of formed methylene protons end photocrosslinking 

appeared at δ 2/25. Photocrosslink alginate hydrogel discs were 
synthesized by using alginate and alginate sulfate. Pure morphol-
ogy discs of alginate hydrogel and alginate sulfate were in distilled 
water. The results showed no signifi cant difference between the 
groups in the pure morphology and the size of hydrogel and they 
were not changed after 24 hours.

Kinetics of releasing of platelet-derived growth factor from hy-
drogel

For the fi nding that” Alginate sulfate hydrogel can delay the 
release of growth factors through affi nity binding interactions dur-
ing the process UV crosslink”, releasing Platelet-derived growth 
factor-BB was determined with using the assay from photo-cross-
link alginate sulfate hydrogel in PBS buffer and was compared 
with photocrosslinking alginate hydrogels. Releasing growth factor 
was faster in alginate hydrogels than alginate sulfate hydrogel. 82 
to 100 % released in the fi rst days of 5 to 7 days. On the contrary, 
growth factor continued to release from the alginate sulfate hy-
drogel over 3 weeks (Fig. 1).

Macroscopic evaluation 
Evaluation of wound scabs fall time, wound healing and remain-
ing of scar size

In this case, alginate hydrogel with 4 μg/cm2 standard re-
combinant growth factor (C) (6–9 days) were the minimum time 
required for falling scab. This time for groups (A), (B), (C) was 
14–20, 9–14 and 6–9 days, respectively (results based on the in-
dependent third test was the same (p < 0.05)). Failing time of scab 
in the group C was shorter than in the other groups. Therefore, 
recombinant growth factor in alginate sulfate hydrogel caused the 
scabs to fall and wound to heal in shorter time than in the other 
groups. Alginate sulfate hydrogel group with 4 μg/cm2 standard 

Fig. 1. Releasing Platelet-derived growth factor from alginate and 
sulfated alginate. Time-dependent Release of Peptide from Alginate 
(AL) and Algi nate Sulfate (AS) Hydrogels.

0 Day 4 Days 7 Days 14 Days 21 Days

A

B

C

Fig. 2. Treatment between the three groups.
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recombinant growth factor had 3.1 cm2 of scarring. These amounts 
in the groups A, B and C were 7.2, 3.5 and 3.1 cm2, respectively 
(Results based on three tests and independent (p < 0.05)) (Fig. 2).

Microscopic evaluation 
Evaluation of angiogenesis and number of fi broblasts

The results showed that the peak of vascularization was on 
day 7 and the group C had the highest vascularization, which was 
a signifi cant difference compared to all the other groups. Also, the 
group B showed signifi cant differences compared to the group A 
(Results based on independent and three tests (p < 0.05)). Trans-
verse sections of skin showed the vascularization with Hematox-
ylin-Eosin staining, they are shown in Figure 3. Results showed 
that the number of fi broblasts had signifi cant differences in the 
experimental groups on days 4, 7 and 14 and no signifi cant dif-
ferences on day 21. The greatest increase in the number of fi bro-
blasts was on day 14. Group C had the greatest number and had 

signifi cant differences compared to all the other groups. Group B 
showed signifi cant differences compared to group A as well (Re-
sults based on independent and three tests (p < 0.05)) (Tab. 1).

Evaluation of collagen, epidermis, infl ammation and hair follicle 
in wound healing

Sampling was performed on days 4, 7, 14 and 21. The results of 
microscopic studies such as: evaluating of density of hair follicles, 
epidermis depth, collagen and infl ammation based on the presence 
of infl ammatory cells showed that a statistically signifi cant differ-
ence was not identifi ed between the groups C and B (Tab. 1). The 
measurement of collagen showed a signifi cant statistical difference 
in each group on days 4, 7, and 14 and there was not a signifi cant 
statistical difference on day 21. The greatest growth and the pres-
ence of collagen were on day 14 and the group C had the highest 
(Results based on independent and three tests (p < 0.05)). Measure-
ment of wound epidermis is an effective strategy in the amount of 
wound healing. The epidermal thickness was not calculated for 
4 days, because the epidermis was not fully formed and was not 
measurable as well. After the formation of the epidermis, the size 
of the epidermis was different in the groups B and C compared to 
the group A on days 7 and 14 (Results based on independent and 
three tests (p < 0.05)). One of the quality criteria in wound healing 
is the regrowth of hair follicles. According to the results, follicu-
lar growth was not seen on day 4, 7 and 14, but hair follicle was 
seen on day 21. The average number of follicles was observed in 
groups (A), (B), (C) consisting of 1, 2 and 6, respectively (results 
based on independent and three tests (p < 0.05)).

Discussion

Wound healing is a complex process, which includes the re-
turn of damaged cellular structures and tissue layers in accordance 
with the original and normal tissue (26). Wound healing process 
is completed by 3 stages: infl ammation, cell proliferation and re-
construction phase (27). Although these steps are associated with 
each other, they can overlap in time. So, a combination can short-
en the time of these phases, which naturally leads to the wound 

A

B

C

Fig. 3. Transverse sections of skin showed the vascularization with He-
matoxylin-Eosin staining test in 7 days. negative control group (without 
treatment) (A), Alginate hydrogels sulfate without recombinant growth 
factor (B), Alginate hydrogels sulfate with 4μg/cm2 growth factor (C).

Infl ammationCollagenEpidermisHair follicleFibroblastsAngiogenesisDayGroup
3±0.680±00±00±0224±14.010±04

A 3±0.680.22±0.00020±00±01290±23.11.12±0.027
2.80±0.990.49±0.00230±00±02900±31.21.50±0.114

2.60±0.4560.31±0.004321±1.011±0.00041036±25.71.10±0.1521
3±0.680±00±00±0592±8.900±04

B 3±0.680.85±0.001212±1.330±04150±19.401.15±0.457
2.39±0.6571.39±0.012425±2.100±06050±45.61.75±0.00914

0.80±0.000670.97±0.045657±2.662±0.673710±20.031.55±0.00121
2.70±0.5021.70±0.060±00±05600±19.774±0.114

C 1.80±0.6092.90±0.00332±1.340±019700±49.308.10±0.1607
0.90±0.000454.60±1.01145±6.090±030100±60.226.87±0.2914
0.30±0.000074.43±0.921187±15.236±0.17100±28.552.20±0.8721

Group A: control (no treatment), Group B: alginate hydrogels sulfated without recombinant growth factor, Group C: alginate ammonium hydrogel with 4 μg/cm2 recombinant 
growth factor.*Results based on the independent third test are the same (p < 0.05)

Tab. 1. Statistical comparison of the density of hair follicles, numeric density of blood vessels, and density of collagen fi bers in each group on 
days 4, 7, 14, and 21.
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healing. Various studies have been done on wound healing and 
different materials were prepared and presented. The composi-
tion of recombinant platelet-derived growth factor PDGF-BB can 
be used in alginate sulfate hydrogel to a topical formulation for 
wound healing in some conditions such as ulcers (10). Platelet-
derived growth factor (PDGF-BB) is a glycoprotein with a weight 
of approximately 35 kDa, which contains two polypeptide chains 
linked together by fi ve disulfi de bonds. PDGF-BB has an important 
role in the pathogenesis of strong mitogenic factors, chemotactic 
and effective role in wound healing. PDGF-BB compounds were 
prescribed as gel formulation. The gel formulation of rPDGF has 
been approved (brand Regranex) for the treatment of rPDGF Full-
thick in diabetic patients (28). Hang et al (2006) (29) evaluated 
the effects of PDGF-BB/CBD on cellularization and angiogenesis 
in collagen scaffolds. Sun et al (2007) (30) studied the effects of 
collagen membrane CBD-PDGF-BB in accelerating ischemic 
wound healing on a rabbit model. The use of alginate hydrogel is 
recommended according to the characteristics of biocompatibil-
ity, non-immunogenicity and the ability to form a strong gel that 
allows encapsulation of fragile molecules, such as peptides and 
proteins in its active form (31–33). The macromolecular drug is 
located in a hydrophilic calcium alginate chains network of al-
ginate hydrogel and its releasing will be regulated through the 
permeable hydrogel matrix (31, 34). The releasing of this compo-
sition is affected by the breakdown of non-specifi c binding ions 
between the positively charged and negatively charged alginate 
growth factors and growth factors fi nally released in wound sites. 
This often leads to an unpredictable delivery of the growth fac-
tors from alginate hydrogels. In 2008, Freeman et al, evaluated the 
effects of alginate sulfate hydrogels for the controlled release of 
proteins and specifi c binding to heparin (34). In 2011, Jeon et al 
(20) evaluated the possibility of transferring growth factors based 
on the affi nity to alginate hydrogel heparin, which is made by light 
and the results suggested that affi nity was intended to be more 
sulfate rather than protein and the protein releasing was slower 
and it could control the releasing. On the other hand, heparin had 
side effects on the location of the wound. Then, it is better to use 
alginate sulfate hydrogels instead of alginate hydrogels heparin. 
In this study, the effect of alginate sulfate hydrogels containing 
growth factor PDGF-BB was investigated and we tried to modify 
the method of sulfated alginate chains for controlling the growth 
factor releasing. In this experiment, 13 % of sulfate was obtained 
using laboratory techniques. The properties of alginate sulfate 
hydrogel were investigated with recombinant growth factor or 
without it in wound healing. This fi nding suggested that algi-
nate sulfate hydrogel with growth factor was better than without 
growth factor in wound healing. Thus, alginate sulfate hydrogel 
with a recombinant growth factor accelerated wound healing and 
improved wound healing. It can be concluded that alginate sulfate 
hydrogel with recombinant growth factor 4 μg/cm2 (PDGF-BB ) 
was very suitable for the treatment of superfi cial wounds and dress-
ing. Heparin protein transport systems have been used by other 
researchers, but in this research, PDGF-BB protein was used as a 
protein transport systems in wound healing.
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