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ABSTRACT: Three-dimensional (3D) chitosan/silk fibroin (CS/SF) porous composite scaffolds have been prepared by simply coating a

thin layer of CS onto spunlaced SF scaffolds via hydrogen-bonding assembly technique, and they were characterized by Fourier trans-

form infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), X-ray diffraction (XRD), and mechanical property measure-

ments. The results show that porous scaffolds have a pore diameter around 50–200 lm, and improved mechanical property

compared with SF, resulting from strong intermolecular hydrogen bonding interactions between CS and SF, together with the main-

tained b-sheet structure of SF. The medical and biological properties of the composite scaffolds were further evaluated. The results

demonstrate that they possess good biocompatibility and a broad spectrum of antimicrobial properties. The in vivo animal experi-

ments show that the composite scaffolds promote skin regeneration of rats without any teratogenic effect and inflection, thus they

are very promising in the application of wound dressings. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42503.
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INTRODUCTION

Epidermal damage as a result of ulcer, burn, operative, or other

traumatic incidents is common in our daily life, thus wound

dressing is usually used for wound healing in a short time. An

ideal wound dressing should have good biocompatibility, good

water retention to maintain hemostasis, and suitable moist envi-

ronment, 3D porous structures to allow water and air permea-

tion and promote epithelization by releasing biological agents to

the wounds.1,2 Silk fibroin (SF) derived from silkworm cocoon

has diverse excellent properties, including good biocompatibility

and biodegradability, remarkable humidness and air permeabil-

ity and well mechanical properties, as well as abundant source.

Furthermore, SF could promote the attachment and prolifera-

tion of human skin fibroblasts and keratinocytes.3 These merits

make SF excellent suitability as wound dressing materials. SF

scaffolds have been prepared in various methods, e.g., freeze-

drying,4 salt leaching,5 gas foaming,4 electrospinning,6 and non-

woven techniques.7 Based on the above methods, SF scaffolds

can be fabricated into various forms, including film,8 hydro-

gels,9 nonwoven fabrics,10 and 3D porous scaffolds.11 However,

SF does not have antimicrobial properties, which often result in

wound infection. Thus, how to improve the antimicrobial prop-

erties of SF scaffolds is very significant in the use of wound

dressing.

Inorganic particles and polymers have been blended with SF to

prepare composites,12 especially for improvement of antimicro-

bial properties.13,14 Recent antimicrobial materials focus on

cationic polymers, metallic nanoparticles, and antimicrobial

peptides. Though metallic nanoparticles, e.g., Ag nanoparticles

have a broad spectrum of antimicrobial activity, their cytotoxic-

ity needs to be further studied.14 Antimicrobial peptides have

good biocompatibility, but the high cost limits their wide appli-

cations.15 Thus cationic polymers, especially cationic biomacro-

molecules, have gained much attention.13 As one of the natural

biomacromolecules, chitosan (CS) has good biocompatibility

and intrinsic antimicrobial and hemostasis properties, but with

low cost and abundant source. Thus, chitosan and its modified

derivatives become favored antimicrobial materials for wound

dressings. However, when chitosan was used alone, the poor

mechanical properties limit its applications. To improve its

mechanical property, many chitosan composites with other

polymers have been widely studied.16
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With the combination of chitosan and SF, CS/SF composites are

expected to have good biocompatibility and antimicrobial prop-

erties, remarkable permeability and mechanical properties,

which are excellent materials for wound dressing. Gobin et al.

prepared CS/SF-blended scaffolds by freezing-drying method

and studied their structure and mechanical properties.17 She

et al. found that the CS/SF scaffold was not cytotoxic.18 CS/SF

composite nanofibers have been prepared by electrospin-

ning.19,20 The composite nanofibers exhibited good biocompati-

bility for cell proliferation and antimicrobial properties. To

improve the water-resistant ability and mechanical properties,

aldehyde was used to cross-link electrospun fibers or films.21

However, the use of CS/SF composite scaffolds in wound dress-

ing was rarely studied in vivo. Li et al. prepared a sponge

wound dressing comprising silk fibroin, N-(2-hydroxy)propyl-3-

trimethyl ammonium chitosan chloride, and polyvinyl alcohol

used for the treatment of chronic wounds in rats and a compa-

rable performance to commercial wound dressing is observed.22

Recently, our group prepared SF scaffold with two-photon fluo-

rescence emission properties based on molecular recognition

and hydrogen bonding assembly technique,23 and the fabricated

TPF scaffold materials exhibited enhanced two-photon fluores-

cence efficiency and high-resolution imaging, which were very

promising as bioimaging materials. Here, porous SF scaffolds

were prepared by a nonwoven technique called spunlacing tech-

nology, and then CS/SF composite materials were obtained by

simply coating a thin layer of CS to SF scaffolds via hydrogen-

bonding assembly method. The structure of the composite

materials was characterized and the mechanical and antimicro-

bial properties were measured. Furthermore, the composite scaf-

folds were used as wound dressings in the rats and the healing

mechanism was discussed.

EXPERIMENTAL

Materials

Silk was purchased from silk factory of Qingyang City in China.

Chitosan (deacetylase degree >95%) of pharmaceutical grade

was purchased from Shanghai Pharmaceutical Corporation. All

other reagents including ethanol, acetic acid, hydrogen peroxide,

sodium carbonate, and glutaraldehyde were obtained from

Shanghai Chemical Reagent Company, which are of analytical

grade and used without further purification.

Preparation of Porous SF Scaffolds and SF/CS Composite

Scaffolds

Preparation of Porous SF Scaffold. The total process was con-

ducted under ultra-clean biological environment condition. A

certain amount of raw silk was put in a 1000 mL beaker, and

then 1000 mL deionized water and 5 g Na2CO3 were added.

The solution was kept at 908C for 40 min. Then the silk was

taken out and washed with deionized water for several times.

The sericin was removed and the residue was dried.

The obtained degummed SF fibers were loosen, and cut into

small pieces with 3–4 cm length, and then carded into network

on the card. The SF network was reinforced by spunlacing with

a spunlace rate of 20 Hz at the speed of 2 m/min under 25–55

bar. The resulting SF was cut into small pieces with a diameter

of 10 mm and a thickness of ca 1.0 mm. The SF scaffold mate-

rials were washed with ethanol and deionized water for several

times, and dried in a bio-oven at a temperature of 608C. The

mass density of SF scaffold was measured as 100–120 g/m2.

Preparation of SF/CS Composite Scaffolds. One gram of chito-

san was placed in a beaker, and then 50 mL deionized water

and 1 mL acetic acid were added. The solution was stirred until

chitosan was completely dissolved. The solution was diluted to

1% (w/w) and sprayed onto the SF scaffold (the final mass ratio

of CS to SF is 1 : 4). After drying, CS/SF composite scaffolds

were obtained and the mass density gives 130–150 g/m2.

Antimicrobial Performance of SF/CS Composite Scaffolds

The small pieces of composite scaffolds (d 5 10 mm) were

treated by hydrogen peroxide (H2O2) and low-temperature

plasma sterilization, and then put into the MH-type agar plates

containing Escherichia coli, Staphylococcus aureus, Pseudomonas

aeruginosa, and Monilia albicans at 378C for 24 h, respectively.

The microbial inhibition zones were formed and the diameters

were measured. As a controlled experiment, the antimicrobial

properties of SF scaffolds without chitosan were also measured.

Cytotoxicity of SF/CS Composite Scaffolds

NCTC clone 929 cells (purchased from Chinese Center for Typi-

cal Culture Collection, No.: GDC034) were used here and the

cell culture steps were as follows: first, a sterilized scaffold was

put into DMEM medium containing 20% serum and soaked

overnight. The soaked scaffold was put into 24-well plates, and

0.5 mL cell culture medium with a concentration of 2 3 106/

mL was added. The sample was cultured in an incubator (5%

CO2 and 378C) for 7 days, and the culture medium was

changed every 2 days. After that, the scaffold was cleaned with

PBS buffer and fixed with 2.5% glutaraldehyde for SEM

observation.

The sample preparation for SEM measurements was as follows:

First, the above cell sample was rinsed by PBS buffer, fixed with

2.5% glutaraldehyde for 12 h, and then washed with PBS buffer

twice. Osmium tetroxide (1%) was used to further fix the sam-

ple for 1.5 h, and cleaned with PBS buffer. The dehydration of

the sample was first conducted by acetone/isoamyl acetate (1 :

1) for 10 min, and then successively by 50, 70, 80, 90, and

100% ethanol for 15 min. After that, the sample was dried and

coated by gold sputtering for SEM images.

Composite Scaffolds as Wound Dressings in the Rat Skin

Regeneration

Eight male SD rats were anesthetized by 10% chloral hydrate

(100 mg 3 0.33 mL). Wounds with diameter �1.2 cm were cre-

ated in the gluteus maximus of rats. Then composite scaffolds

were placed on the wounds and closed by medical desensitiza-

tion tape to observe the healing process. The rats were fed in a

single cage after surgery.

Postoperative wounds were regularly observed and the wound

surface color, exudates, and granulation tissue bed growth were

recorded. The wound size was measured after 1, 3, 6, 14, and

21 days. The nude wound biopsy was conducted after 3, 6, 14,

and 21 days. The typical procedure was as follows. The experi-

mental rats were sacrificed by use of air embolism, the desired
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area of skin tissue was quickly removed and fixed in 10% for-

malin. Then the sample was embedded in paraffin, sliced, HE

staining, and observed in the light microscope.

Characterization

SEM images were taken from Hitachi S-4800 scanning electron

microscope (SEM). Samples were sputter coated with gold

before SEM measurements. Fourier transform infrared (FT-IR)

spectra were measured using a Nicolex 8700 instrument and

recorded in the region 4000–400 cm21 using reflected mode at

room temperature. The identification of the crystal phase was

carried out using Rigaku D-max-2500 X-ray diffractometer. The

mechanical properties of the scaffolds with a dimension of

40 3 20 3 1.0 mm were measured using WDW3020 universal

testing machine (Changchun Kexin Equipment Company) at

ambient temperature. A cross-head speed of 10 mm/min was

used. Each sample was tested for six times, and then the average

values and error bars were obtained.

RESULTS AND DISCUSSION

Epidermal damage easily leads to infection, which prevents the

healing. SF and CS are both biomacromolecules, and found to

promote wound healing. SF has good mechanical properties,

but without antimicrobial properties, while CS has good antimi-

crobial activity, but with poor mechanical properties. Thus their

composite materials in the application of wound dressings have

been studied. In previous studies, CS/SF nanofibers were

prepared by electrospinning19,20 or CS/SF porous composites

were obtained using freezing–drying method from their

blends.17 However, these materials showed poor mechanical

properties and is also difficult for large industrial production.

Here, porous SF scaffolds made by spunlacing method possessed

well mechanical properties besides suitable air and moisture

permeability. Simultaneously, the spunlacing method is very

simple and propitious to the demand of wholesale industrializa-

tion. Thus, the composites can be prepared by simply coating a

thin CS layer to SF scaffold via hydrogen-induced assembly

technique.

Morphology and Structure of CS/SF Composite Scaffolds

Figure 1 shows the SEM images of SF and CS/SF scaffolds. The

average diameter of SF fiber was about 10 lm and its surface

was very flat. SF scaffold prepared by spunlacing had a porous

structure and the pore size distribution was in the range of 50–

200 lm. Owing to the strong hydrogen bonding interactions

between CS and SF, CS spread and assembled very uniformly

on SF surface and no aggregates were observed [Figure 1(b)].

As a result, the composite scaffold retained the porous structure

of the original SF scaffold, but a thin chitosan layer was coated

onto the SF scaffold.

Figure 2 shows the FTIR spectra of SF scaffold, chitosan, and

CS/SF composite scaffold. The infrared spectra obtained from

the chitosan and SF scaffolds displayed all the characteristic

peaks reported in literature.24 In the spectrum obtained from

the chitosan, the broad and strong peak around 3400 cm21 was

attributed to the intra/inter molecular hydrogen-bonding inter-

action of AOH and ANH2 groups, while the carbonyl

(COANHR) and amine (NH2) band was located at 1630 cm21,

the amide (CAN) band situated at around 1315 cm21. Besides,

the peaks at 2880 and 2920 cm21 were assigned to the stretch-

ing vibration absorption of methylene (ACH2). The peaks

around 1100 cm21 belonged to the vibration of CAO band. SF

scaffold exhibited weak peaks at 3286 cm21 arising from the

Figure 1. SEM graphs of (a) SF and (b) CS/SF composite scaffold.

Figure 2. FT-IR patterns of (a) CS, (b) SF/CS composite scaffold, and (c)

SF. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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intra/inter molecular hydrogen bonding interaction between

AOH and ANH2 groups. The characteristic absorption peaks at

1625 cm21 (mC@O, Amide I), 1517 cm21 (mCAN, Amide II),

and 1230 cm21 (dNAH, Amide III) all appeared and the

absorption bands at 1625 and 1521 cm21 indicated that SF

existed as b-sheet in the scaffold.6 The infrared spectrum of the

composite scaffold displayed all the characteristic peaks from

chitosan and SF, indicating that chitosan was successfully coated

to SF scaffold. The intensity of absorption band at 3286 cm21

was much stronger than that of SF scaffold, suggesting that the

molecular interactions were enhanced after chitosan coating.

Because there are many AOH and ANH2 groups in chitosan

and SF molecules, the increased molecular interactions resulted

mainly from hydrogen-bonding interactions between chitosan

and SF. Based on the strong driving force of hydrogen-bonding

interactions, a uniform assembly of chitosan on the SF scaffold

was achieved, in agreement with SEM images in Figure 1(b).

The strong absorption bands at 1625 and 1521 cm21 in the

composite scaffold demonstrated that SF still existed as b-sheet

conformation.

Figure 3 shows the X-ray diffraction patterns of chitosan, SF,

and CS/SF composite scaffolds. Chitosan had characteristic dif-

fraction peaks at 11.08 and 19.98,25 while the characteristic dif-

fraction peaks of b-sheet appeared at 9.608 and 20.48 in SF

scaffold.26 The diffraction patterns of CS/SF composite scaffold

was almost the same as that of SF scaffold, suggesting that SF

kept b-sheet conformation in the composite materials, consist-

ent with the FTIR data. However, the peak at 20.48 became

broad and its intensity decreased, indicating that hydrogen-

bonding interactions between chitosan and SF molecules weak-

ened the intra/intermolecular interactions in SF, resulting in a

decrease of crystallinity.

Mechanical Properties of CS/SF Composite Scaffolds

Figure 4 shows the mechanical properties of SF and CS/SF com-

posite scaffolds. Compared with that of SF scaffold, the tensile

strength of the composite scaffolds was greatly improved from

5 to 13 MPa, accompanying with a decrease of strain at break

from 22.5 to 8.3%, because of the strong hydrogen-bonding

interactions between chitosan and SF, consistent with FTIR and

XRD data. As a result, the hardness of the composite scaffolds

increased and the flexibility reduced.

Antimicrobial Properties of CS/SF Composite Scaffolds

Figure 5 shows the results of antimicrobial tests with SF and

CS/SF composite scaffolds. No inhibitory ring formed for SF

scaffold after 24 h treatment, while the composite scaffolds had

good antimicrobial properties in either of four tested microbials

owing to the intrinsic antimicrobial properties of chitosan.21,27

The antimicrobial ability of CS/SF composite scaffolds depended

on the type of microbial. The diameters of inhibitory rings for

E. coli, S. aureus, P. aeruginosa, and M. albicans were 31, 14, 22,

and 11 mm, respectively, showing that the composite scaffolds

had the strongest antimicrobial properties in S. aureus and the

weakest in M. albicans. In all, the above experiments demon-

strated that the composite scaffolds had a broad spectrum of

antimicrobial properties.

Cytotoxicity of SF/CS Composite Scaffolds

To study the cytotoxicity of CS/SF composite, SEM was used to

observe the cell attachment and proliferation on the scaffolds.

As shown in Figure 6, after 7 days of culture, cells had a good

proliferation along the scaffold and pseudopodia formed. This

suggested that CS/SF composite scaffolds were not cytotoxic

and had good biocompatibility, which provided a huge proba-

bility in the following rat skin regeneration experiments.

Composite Scaffolds as Wound Dressings in the Rat Skin

Regeneration

Figure 7 shows the postoperative wounds in rats with the heal-

ing time. On the day of surgery, bilateral showed no bleeding

tendency, which suggested the composite scaffolds had a better

hemostasis. Three days later, all wounds belonged to the normal

physiological changes, and no infection was observed. After 6

days, the wound diameter was reduced to 0.9 cm, and wound

scab formed. After 14 days, crusting shrink became faster and

the wounds diameter was only 0.3 cm. After 21 days, there were

no obvious wounds left, the wounds were completely healed.

Figure 8 shows the pathological photos at different periods

from surgery. After 3 days, bleeding occurred in the skeletal

muscle mass, fiber cell degeneration, and necrosis accompanying

Figure 3. XRD patterns of (a) SF, (b) SF/CS composite scaffold, and (c)

CS. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 4. Mechanical properties of SF and SF/CS composite scaffolds.
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Figure 5. (1) Photos of CS/SF composite scaffolds before microbial culture, (2) photos of CS/SF composite scaffolds after 24 h microbial culture, (3)

photos of SF scaffolds after 24 h microbial culture. (a–d) Four kinds of microbials are Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa,

and Monilia albicans, respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. SEM images of L929 cells proliferation on the surface of SF/CS scaffolds at different culture time. (a) 0 day; (b) 7 days.
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with inflammatory cell infiltration were observed. After 6 days,

skeletal muscle fiber necrosis, inflammatory cell infiltration, and

fibroblast proliferation appeared. After 14 days and even 21

days, there were no pathological changes in skeletal muscle fiber

cells. These results suggested that CS/SF composite scaffolds had

no teratogenic effects in rats and could be used as medical

dressings for skin regeneration. The mechanism of composite

scaffolds in wound healing was that first, the coated chitosan

formed viscous gels on the wound surface with exudates and

blood, so that the wounds could maintain a certain tempera-

ture, humidity, and a part of exudate nutrients, providing a

favorable environment for wound healing. Second, the good

mechanical properties and biocompatibility of the composite

scaffolds promoted cell absorption and proliferation, and the

porous structure was beneficial for the nutrition and oxygen

support. Furthermore, the intrinsic strong antimicrobial proper-

ties of chitosan prevented the infection and favored a quick

healing.

CONCLUSIONS

Porous CS/SF composite scaffolds were successfully prepared by

coating a thin chitosan layer onto SF scaffolds via hydrogen-

bonding interactions, which were confirmed by FTIR and XRD.

The composite scaffolds exhibited well mechanical properties,

strong antimicrobial properties, and good biocompatibility, thus

they can be used as wound dressings. In vivo experiments of

rats indicated that CS/SF composite scaffolds could promote

wound healing and skin regeneration in rats without any

teratogenic effect and inflection, which had good potential in

tissue engineering.
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