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Abstract 
Although the treatment of burn wounds has made great progress, the inci-
dence of wound infection is still the main cause of high mortality. In this 
study, a silk fibroin (SF) scaffold wound dressing incorporated with Genta-
micin Sulfate (GS) was developed for the treatment of burn infected wounds, 
in which GS was used as anti-bacterial agent. GS was mixed with silk fibroin 
solution and then processed into GS-SF composite scaffold via electro-spinning. 
The results showed the scaffold exhibited uniform polyporous morphology 
with 80% porosity. Induced by methanol, the scaffold presented much im-
proved mechanical properties and stability to protease XIV. More important, 
the scaffold presented significant growth inhibition on both Gram-positive 
(Staphylococcus aureus) and Gram-negative (Pseudomonas aeruginosa and 
Escherichia coli) bacteria. 
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1. Introduction 

Skin is the largest organ of human body, which is composed of epidermis, der-
mis and subcutaneous adipose tissue. A complete skin surface is very important 
for the human body, which can maintain fluid balance and regulate the body 
temperature to protect the body from infection [1]. Burn infection is one of the 
most common and destructive forms of acute trauma. Because of bacterial infec-
tion, it prevents the wound from healing and may even lead to death, so 
throughout the history of human health, burn infection has always been a con-
stant threat [2] [3]. Although artificial skin can replace the role of skin, solve the 
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problem of insufficient healthy skin of patients and promote in the wound heal-
ing, the medical cost of artificial skin is often too higher for general patients to 
bear. So, it becomes more and more necessary to develop wound dressing scaf-
folds to reduce the incidence rate of burn infection and promote the wound 
healing of full-thickness defect. 

Silk fibroin (SF) is a kind of hydrophobic natural polymer derived from silk-
worm cocoon [4]. Due to its rich source, low cost and many special properties, 
SF became a hot point in biomaterial area. Previous studies showed that SF ex-
hibited tunable mechanical strength, thermal stability, as well as excellent bio-
compatibility and biodegradability [5]. In addition, due to the good processabil-
ity of SF aqueous solution, it was often processed into microspheres, colloids, 
thin films and scaffolds [6] [7] [8]. For example, SF has been used as a bioma-
terial for cell culture in vitro and tissue engineering research in vivo [9]. Fur-
thermore, SF contains peptide ingredients, which would promote the differen-
tiation and proliferation of human skin fibroblasts. Thus, SF could be a unique 
candidate as wound dressing in skin wounds, especially for full-thickness burn 
wounds. 

In this study, a silk fibroin scaffold wound dressing incorporated with Genta-
micin sulfate (GS) was developed for the treatment of burn infected wounds, in 
which GS was used as anti-bacterial agent. GS was mixed with silk fibroin solu-
tion and then fabricated into GS-SF composite scaffold via electro-spinning. 
First, the inner structure of scaffold was probed with scanning electron micro-
scopy (SEM); Second, the mechanical properties of scaffold were measured with 
universal testing machine; Third, protease XIV assay was set up to test the stability 
of scaffold; At last, both Gram-positive (Staphylococcus aureus) and Gram-negative 
(Pseudomonas aeruginosa and Escherichia coli) bacteria were used to check out 
the anti-bacterial activities of the scaffold. The results showed that GS-SF wound 
dressing scaffold with sufficient porosity presented excellent mechanical properties 
and stability, with significant growth inhibition on both Gram-positive and 
Gram-negative bacteria, which indicated that GS-SF composite scaffold might pro-
vide a useful strategy for development of new wound dressing for burn wounds. 

2. Materials and Methods 
2.1. Preparation of GS-SF Composite Scaffold 

The preparation of SF solution was mainly referred to previous studies [10]. 
Briefly, the small pieces of cocoons were boiled for 1 h in Na2CO3 solution of 
0.02 mol/L to remove sericin, and then washed with deionized water. After dry 
overnight at 60˚C, the SF was dissolved in 3 mol/L LiBr solution and heated in 
water bath at 60˚C for 5 h and then dialyzed in a dialysis bag with a molecular 
weight of 10 kDa. The dialyzed SF solution was centrifuged at 5000 rpm/10min 
then stored at 4˚C. 40 μl GS solution with the concentration of 50 mg/ml was 
mixed with 1 ml SF solution and then fabricated into GS-SF composite scaffold 
via electro-spinning. The scaffold was then induced with methanol for future 
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application. 

2.2. Characterization of GS-SF Composite Scaffold 

The morphological characterization of GS-SF composite scaffold was performed 
with SEM with the accelerating voltage of 10 kV. Then, the scaffold was casted 
into uniform diameter and thickness (12 mm × 6 mm), then the mechanical 
properties of scaffold were evaluated with universal testing machine to measure 
tensile strength. 

2.3. Measurement of Porosity of GS-SF Composite Scaffold 

The porosity measurement the scaffold was mainly referred to previous studies 
[11]. The beaker was filled with ethanol, and its mass W1 was weighed; the scaf-
fold with mass Wg, was immersed in ethanol for 2 h and the total weight was 
W2; After the sample full of ethanol was taken out, the remaining weight was 
W3. The calculation formula of porosity P is as follows:  

( ) ( )W2 W3 Wg W1 W3P = − − −  

2.4. In Vitro Degradation of GS-SF Composite Scaffold 

In vitro degradation of scaffolds was mainly referred to previous studies [12]. At 
37˚C the scaffolds were immersed in 2 ml of 0.5 mg/ml protease XIV in phos-
phate buffer solution (PBS, pH = 7.4). Change the solution once a day. The con-
trol was immersed in PBS solution without protease XIV medium. Then, the 
scaffolds were rinsed with deionized water and placed at 37˚C followed by the 
recording of mass change. 

2.5. Anti-Bacterial Activities of GS-SF Composite Scaffold 

The disc diffusion method was used to evaluate the anti-bacterial activities of 
GS-SF composite scaffold with both Gram-positive (Staphylococcus aureus) and 
Gram-negative (Pseudomonas aeruginosa and Escherichia coli) bacteria. Briefly, 
the bacterial was inoculated on the slope of the solid medium, and then incu-
bated overnight at 37˚C, then rinsed with sterile water to form bacterial liquid. 
The bacteria liquid was mixed. The bacteria liquid was mixed and then applied 
evenly to the dish containing solid medium. The sterilized scaffolds which had 
been mixed with different concentration of GS were placed separately in the dish 
coated with bacteria. Finally, the measurement results were compared the half 
diameter difference between the ring and the scaffold [13]. 

3. Results 
3.1. The Uniform Porous Structure of GS-SF Composite Scaffold 

The morphological characterization of GS-SF composite scaffold was performed 
with SEM with the accelerating voltage of 5 kV. As shown in Figure 1, the scaf-
fold presented uniform fibrous structures inside, the average diameter of fibers 
was around 5 - 10 μm. The fibers interwined with each other to form porous 
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formation and the porosity rate was about 80%. 

3.2. Methanol Treatment Promoted Mechanical Properties of 
GS-SF Composite Scaffold 

The previous studies have shown methanol treatment could increase content of 
β-sheet in SF structure, which is a key factor for stability of SF. After the treat-
ment of methanol, the mechanical properties of scaffold were evaluated with 
universal testing machine to measure tensile strength. As shown in Table 1 and 
Figure 2, the Ultimate Tensile Strength (UTS) of scaffold induced by methanol 
increased from 75 KPa to 140 KPa. 

 

 
Figure 1. The SEM characterization of GS-SF composite scaffold: the scaffold was con-
structed with uniform fibers which formed porous structure, the average diameter of fi-
bers was around 5 - 10 μm. 

 
Table 1. Mechanical properties of GS-SF composite scaffold before and after methanol 
treatment. 

UTS 

Scaffold without methanol 75 ± 6.3 KPa 

Scaffold with methanol 140 ± 11.2 KPa 

 

 
Figure 2. The UTS comparison of scaffolds before and after methanol treatment: metha-
nol treatment significantly increased the UTS of scaffolds. 
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3.3. Methanol Treatment Decreased Degradation  
of GS-SF Composite Scaffold 

Degradation rate is an important factor to evaluate the quality of biological scaf-
folds which seriously affect the use value of the scaffold. Protease XIV assay was 
set up to test the stability of scaffold. As shown in Figure 3, without methanol 
treatment, the scaffold degraded most rapidly in the first 3 days. By the fifth day, 
scaffold had been almost completely degraded. However, the degradation rate of 
scaffold induced by methanol was much slower, which remained 70% of the ini-
tial mass till ninth day. 

3.4. GS-SF Composite Scaffold Presented Significant Growth 
Inhibition on both Gram-Positive and Gram-Negative Bacteria 

The disc diffusion method was used to evaluate the anti-bacterial activities of 
GS-SF composite scaffold with both Gram-positive (Staphylococcus aureus) and 
Gram-negative (Pseudomonas aeruginosa and Escherichia coli) bacteria. The 
diameter of the antibacterial ring was used as the antibacterial activities of GS-SF 
scaffolds. As shown in Figure 4, there were significant antibacterial rings on the 
culture medium of the three kinds of bacteria in GS-SF composite scaffold. Be-
sides, the diameter of the antibacterial rings increased with the increase of the 
concentration of GS. In the final concentration of 50 mg/ml GS, the diameter of 
the antibacterial ring was 5.5, 8.6 and 7.8 mm in S. aureus, P. aeruginosa and E. 
coli, respectively (Table 2). 

4. Discussion 

Burn, especially the extensive burn, is one of the most destructive forms of acute 
trauma to human body. Prevention of the infection in burn is the key step in 
clinical treatment. Traditional medical dressings based on other non-natural 
materials are not appropriate for all burn wounds types, due to immutability,  

 

 
Figure 3. The comparison of degradation rate of the scaffolds before and after methanol 
treatment: the degradation rate was significantly decreased by methanol treatment; the 
scaffold remained 70% of the initial mass till the ninth day. The x-axis represents time 
course of degradation in terms of day; the y-axis represents the percent of remaining 
mass of scaffolds. 
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Figure 4. Anti-bacterial activities of scaffold against Gram-positive (Staphylococcus aureus) and Gram-negative (Pseudomonas 
aeruginosa and Escherichia coli) bacteria: the scaffolds showed significant inhibition on growth of bacteria which was indicated 
by antibacterial ring (white arrows). The diameter of antibacterial ring increased with the increase of GS concentration. 

 
Table 2. The diameter of antibacterial ring in each bacterial with final concentration of 50 
mg GS. 

S. aureus 5.5 mm 

P. aeruginosa 8.6 mm 

E. coli 7.8 mm 

 
non-bio-degradation and in-bio-compatibility. SF is a kind of natural protein 
mainly from cocoon and numerous studies have proved that SF proteins possess 
great biocompatibility to human [4] [5] [6], which gives SF high quality in 
wound dressing application. In this study, we presented a promising wound 
dressing for healing of the burn, which mainly consisted of SF protein and GS, in 
which the GS is a kind of common used antibiotics with little toxic effect with 
human body. 

First, we considered the capacity of the drug loading in SF scaffold. As shown 
in Figure 1, with electro-spinning, the inner structure of scaffold was uniform 
nano-fibers with around 80% porosity rate, which indicated that sufficient GS 
could be loaded in this “wasp nest” structure; Second, the GS release rate was an 
important parameter for this wound dressing, which mainly affected by the de-
gradation of the scaffold. With the methanol treatment, the degradation rate of 
scaffold significant decreased and this much slower degradation would change 
GS from burst release to form a kind of sustained release; Third, to meet differ-
ent location of wound, tunable mechanical properties is another key factor for 
wound dressing. As shown in Figure 2, the pure SF scaffold was fragile with low 
UTS. With methanol treatment, we could significantly promote the UTS of SF 
scaffold to produce tougher scaffold; At last, GS is a kind of broad-spectrum an-
tibiotics with extensive use. There were significant antibacterial rings on the 
culture medium of Staphylococcus aureus, Escherichia coli and Pseudomonas 
aeruginosa in GS-SF composite scaffold, which indicated that the GS-SF compo-
site scaffolds presented significant growth inhibition on both Gram-positive and 
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Gram-negative bacteria. All the results suggested that GS-SF composite scaffold 
might provide a useful strategy for development of new wound dressing for burn 
wounds. 

5. Conclusion 

In this study, we proposed a promising wound dressing based on GS-SF compo-
site scaffolds. GS was efficient mixed with SF protein and fabricated into scaffold 
via electro-spinning. The inner structure of scaffold was constructed by crossing 
fibers with 80% porosity rate. The mechanical properties of scaffold could be 
tuned with methanol treatment as well as the degradation property, which indi-
cated that this scaffold could be customized with different location of the wound. 
The scaffolds showed significant antibacterial activities to both Gram-positive 
and Gram-negative bacteria. 
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