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Abstract Antibiotic resistance of microorganisms is one

of the major problems faced in the field of wound care and

management resulting in complications like infection and

delayed wound healing. Currently a lot of research is

focused on developing newer antimicrobials to treat

wounds infected with antibiotic resistant microorganisms.

Silver has been used as an antimicrobial agent for a long

time in the form of metallic silver and silver sulfadiazine

ointments. Recently silver nanoparticles have come up as a

potent antimicrobial agent and are finding diverse medical

applications ranging from silver based dressings to silver

coated medical devices. Chitin is a natural biopolymer with

properties like biocompatibility and biodegradability. It is

widely used as a scaffold for tissue engineering applica-

tions. In this work, we developed and characterized novel

chitin/nanosilver composite scaffolds for wound healing

applications. The antibacterial, blood clotting and cyto-

toxicity of the prepared composite scaffolds were also

studied. These chitin/nanosilver composite scaffolds were

found to be bactericidal against S. aureus and E. coli and

good blood clotting ability. These results suggested that

these chitin/nanosilver composite scaffolds could be used

for wound healing applications.

1 Introduction

Nanomedicine is an upcoming field, which integrates

nanotechnology and medicine to develop newer drugs,

drug delivery systems, biosensors and molecular diag-

nostic systems. Nanotechnology deals with nanoparticles

with unique optical, chemical and mechanical properties.

The particular importance in medical field are silver

nanoparticles, which show excellent antimicrobial activity

[1]. The use of silver as an antimicrobial agent is not

new. Over centuries metallic silver and its salts like silver

nitrate has been used to treat burns, wounds, abscesses

and fistulas [2, 3]. The use of silver minimized as anti-

biotics came into prominence during last century. Silver

was even combined with sulfonamide, an antibiotic to

form silver sulfadiazine ointment and was used to treat

burns [4, 5].

Silver returned to prominence recently due to the

emergence of antibiotic resistant bacteria as a result of

overuse of antibiotics [6]. These drug resistant microor-

ganisms pose a grave danger to the health of patients, as

they do not respond to any treatment. Silver is an effective

antibacterial agent due to its polycationic nature. Silver

containing materials are already used as prostheses, cath-

eters, vascular grafts and as wound dressings [7]. Silver in

the form of nanoparticles is very effective antimicrobial

and is used in wound dressings [8, 9]. Silver nanoparticles

exert their antibacterial activity by interacting with the

sulfur containing proteins present in bacterial cell mem-

brane as well as with phosphorus containing DNA [10–13].

They also attack the bacterial respiratory chain [10–13].

The nanoparticles release silver ions within the cells

enhancing their bactericidal activity [14]. The surface area

to volume ratio of silver nanoparticles is high providing

better contact with bacteria due to which they exert
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antibacterial activity even at low concentrations [10–13].

Silver has been incorporated into different natural and

synthetic polymers like cellulose [15–17], chitosan [18, 19],

polystyrene, acrylic acid [20], PCL [21] and gelatin [22]

etc.

Polymeric materials like polyurethane [23], chitin and

its derivatives are widely used as wound dressings due to

their desired properties. In our study, we have incorpo-

rated silver nanoparticles into chitin scaffolds for wound

dressing applications. Chitin has properties like wound

healing ability, antimicrobial and anti-inflammatory

activity [24, 25]. It is composed of poly (N-acetyl glu-

cosamine) units. Chitin and its derivatives like chitosan

are already being used as scaffolds in tissue engineering

[26–29], drug delivery vehicles [30–32] and as wound

dressings [33, 34]. The wound healing ability and anti-

bacterial activity of chitin can be enhanced by the addi-

tion of silver nanoparticles [35]. Thus, the chitin/

nanosilver composite scaffolds will function as ideal

wound dressings.

2 Materials and methods

2.1 Materials

Chitin (Degree of Acetylation-72.4%) was purchased from

KYOWA TECNOS Co. Ltd. CaCl2 and Methanol were

purchased from Qualigens. Silver Nitrate was obtained

from S.d.FINE-CHEM and sodium citrate was purchased

from MERCK. Staphylococcus aureus (ATCC 25923) and

E. coli (ATCC 25922) strains were obtained from Micro-

biology lab of Amrita Institute of Medical Sciences, Kochi,

India. The mouse fibroblast (L929) was provided by

National Center for Cell Sciences, Pune, India.

2.2 Preparation of chitin/nanosilver composite

scaffolds

2.2.1 Preparation of chitin hydrogel

Chitin hydrogel was prepared by the following method. 5 g

of chitin was added to a mixture of saturated CaCl2/

methanol to prepare 0.5 w/v chitin hydrogel. This mixture

was stirred for 2 days after which the undissolved chitin

was removed by filtration. This was followed by addition

of water (to break the bond between chitin and CaCl2) and

stirring for 2 h. The hydrogel was kept aside undisturbed

for a day following which the water (containing CaCl2)

was removed by suction filtration. The hydrogel was then

dialyzed for 2 days to remove impurities, methanol and

remaining CaCl2.

2.2.2 Preparation of nanosilver solution

Nanosilver solution was prepared by the well-known

Turkevich method as described in the literature [36]. This

method is based on the reduction of silver nitrate to

metallic silver nanoparticles using sodium citrate as the

reducing agent. 125 ml solution of 1 mM silver nitrate in

water was made and was heated until it begins to boil.

5 ml of 1% sodium citrate solution was added as soon as

boiling commences. This reduction occurs at high tem-

perature and nanosilver formation is observable by a

visible color change of the solution to pale yellow. The

solution was then stirred until it has cooled to room

temperature. By this method, 125 ml of 1 mM nanosilver

solution was obtained.

2.2.3 Preparation of composite scaffolds

The minimum inhibitory concentration (MIC) and mini-

mum bactericidal concentration (MBC) of silver nano-

particles are in the range of 1.56–6.25 and 12.5 lg/ml,

respectively [37]. Chitin/nanosilver composite scaffolds

were prepared by adding different amounts of nanosilver

solution to chitin hydrogel. 10 (sample A), 15 (sample B)

and 20 (sample C) ml of 1 mM nanosilver solution was

added to 40 g of chitin gel, stirred well for 15 min fol-

lowed by lyophilization to obtain chitin/nanosilver com-

posite scaffolds having 54, 80 and 107 lg silver

nanoparticles per cm2. However, half of the silver nano-

particles only come to contact with the bacteria in the

plate containing broth. So, we suggest that this much

concentration will be needed per cm2 of the wound.

Figure 1 shows the image of composite scaffolds while

Table 1 shows the concentration (%) of nanosilver in

these composite scaffolds.

Fig. 1 Picture showing chitin scaffold (left) and chitin/nanosilver

composite scaffold (right)
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2.3 Antibacterial activity studies

The chitin/nanosilver composite scaffolds were tested for

their antibacterial activity using disc diffusion method.

E. coli and S. aureus were taken as model gram-negative

and gram-positive bacteria. The test specimens were chitin

and chitin/nanosilver composite scaffolds, which were

compressed into pellets of 1 cm diameter, and UV steril-

ized for 24 h while Gentamycin (10 mg) was taken as

control. The specimens along with control were placed in

MHA medium inoculated with E. coli and S. aureus. The

agar plates were then incubated for 24 h at 37�C after

which the ‘Zone of Inhibition’ was measured for each

specimen.

2.4 Blood clotting studies

Blood clotting studies were done according to the reported

literature [38]. Blood was drawn from human ulnar vein

using 10 ml BD discarditTM II sterile syringe and mixed

with anticoagulant agent Acid citrate dextrose at a ratio of

9:1. The blood clotting efficiency of chitin/nanosilver

composite scaffolds were compared with chitin scaffold

and a commercial collagen scaffold (KollagenTM). Tripli-

cate samples were used for this study and blank 50 ml

tubes without scaffold were used as control. 4.5 ml of

whole blood was taken and 0.5 ml of Acid Citrate Dextrose

(ACD) was added to it. 200 ll of this blood sample was

added to each scaffold placed in a 50 ml tube, which was

followed by the addition of 20 ll of 0.2 M CaCl2 solutions

to begin blood clotting. Then these scaffolds were incu-

bated at 37�C for 10 min. 25 ml distilled water was then

added drop wise without disturbing the clot. Subsequently,

15 ml of solution was taken from the tubes and was cen-

trifuged at 1000 rpm for 1 min. The supernatant was col-

lected for each sample and kept in 37�C for 1 h. 200 ll of

this solution was added to each well of a 96-well plate. The

optical density was measured at 540 nm using a plate

reader (BioTek PowerWave XS).

2.5 Cytotoxicity studies

Cytotoxicity of the chitin/nanosilver composite scaffolds

was evaluated by indirect cytotoxicity test using MTT

assay. L929 Mouse fibroblasts were seeded into each well

of a 96 well plate at a density of 1 9 104 cells/well.

Triplicates of each sample were taken and UV sterilized

for a day following which they were incubated in serum

containing media for 24 h at 37�C. 100 ll of the media

from each sample was taken and transferred into each

well. MTT [3-(4,5-Dimethylthiazole-2-yl)-2,5-diphenyl

tetrazolium] assay was used to quantify the live cells.

5 mg of MTT (Sigma) was dissolved in 1 ml of PBS and

filter sterilized. 10 ll of the MTT solution was further

diluted to 100 ll with 90 ll of serum–free phenol red free

minimum essential medium. 100 ll of the above solution

was added to each well and incubated to form formazan

crystals by mitochondrial dehydrogenases. After 4 h of

incubation at 37�C, 100 ll of the solubilization solution

(10% Triton X-100, 0.1 N HCl and isopropanol) was

added in each well plate to dissolve the formazan crystals.

The optical density of the solution was measured at a

wavelength of 570 nm using an Elisa plate reader [Beck-

mann Coulter DTX 880].

2.6 Characterization

The nanosilver solution was characterized using TEM

(JEOL Ltd., JEOL-3010). The chitin/nanosilver composite

scaffolds were characterized using SEM (JEOL Ltd.,

JEOLJSM-6490LA), XRD (PANalytical X’Pert PRO) and

FT-IR (PerkinElmer Co., SPECTRUM RX1, FT-IR)

instruments.

3 Results and discussion

3.1 Characterization

3.1.1 TEM studies

The nanosilver solution was characterized using TEM for

analyzing the particle size and morphology. Figure 2

shows the TEM image of the spherical silver nanoparticles.

The silver nanoparticles showed spherical morphology and

well dispersed. The size of the silver nanoparticles in

nanosilver solution was found to be 5 nm in diameter from

the TEM analysis.

Table 1 Concentration of

nanosilver in chitin scaffolds
Scaffolds Amount of

chitin gel

(in grams)

Volume of

1 mM nanosilver

solution (in ml)

Amount of

nanosilver present

(in mg)

Concentration of

nanosilver (%)

in each scaffold

A 40 10 1.07 0.003

B 40 15 1.6 0.004

C 40 20 2.14 0.005
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3.1.2 SEM studies

Figure 3 shows the surface morphology of chitin/nanosil-

ver composite scaffold. Since silver nanoparticles are very

small (5 nm) and well dispersed they are not visible in

SEM. The scaffold appears as a very porous structure with

smooth surface morphology.

3.1.3 FT-IR studies

Figure 4 shows the FT-IR spectrum of chitin (control)

and chitin/nanosilver composite scaffolds. There are no

observable peak shifts in chitin/nanosilver composite

scaffold compared to chitin scaffold. This may be because

there is no chemical interaction between chitin and

nanosilver but only a physical adsorption of silver nano-

particles on chitin. 3.1.4 XRD studies

Figure 5 shows the XRD image of chitin/nanosilver com-

posite scaffolds. The peak at 2h = 20� can be attributed to

chitin [39]. Peaks at 39.8� and 44.5� can be attributed to

(111) and (200) crystalline planes of silver [40].

3.2 Antibacterial activity studies

Figure 6a and b show the results of antibacterial activity

studies. Figure 6a shows bactericidal efficiency of chitin/

nanosilver composite scaffolds against gram-positive

S. aureus while Fig. 6b shows activity against gram-neg-

ative E. coli. It can be seen that the inhibition zone is

higher in E. coli than S. aureus indicating higher suscep-

tibility of gram-negative bacteria to nanosilver [41, 42].

This may be because gram-positive bacteria are protected

by a thick peptidoglycan wall, which limits the penetration

of silver nanoparticles [10]. It can also be seen that as the

nanosilver concentration increased, the zone of inhibition

Fig. 2 TEM image of nanosilver solution prepared by Turkevich

method showing well-dispersed spherical particles of 5 nm diameter

Fig. 3 SEM image of chitin/nanosilver composite scaffold

Fig. 4 FT-IR spectra: a chitin scaffold b chitin/nanosilver composite

scaffold

Fig. 5 XRD spectra of chitin/nanosilver composite scaffold
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also increased. These results show that the antibacterial

activity is due to the presence of nanosilver in chitin

scaffolds. The interaction between chitin and nanosilver

will be physical adsorption of silver nanoparticles on chitin

and the release of silver will be controlled. Ong et al. [18]

reported that silver release per cm2 dressing was

4.4 ± 0.6 lg at 2 h, increasing to 19.2 ± 2.5 lg at 24 h, to

a maximum of 23.9 ± 2.1 lg of dissolved silver by 48 h.

Table 2 gives the values of ‘zone of inhibition’. (n = 3 at

each time point).

3.3 Blood clotting studies

Figure 7 shows the result of blood clotting experiment.

Blood clotting ability of the chitin/nanosilver composite

scaffolds were significantly higher than chitin scaffold and

a commercial collagen dressing. It can be seen that the OD

values at 540 nm was highest for control (without scaffold)

followed by commercial collagen scaffold, chitin scaffold,

chitin/nanosilver composite scaffolds A, B and C in that

order. A decrease in OD values indicates the higher blood

clotting efficiency. Thus from the figure, it can be seen that

with increase in the amount of nanosilver the blood clotting

efficiency was increased. Chitin as such is hemostatic since

being a cationic polymer it tends to aggregate negatively

charged red blood cells. This activity is further enhanced

by the addition of silver nanoparticles. Silver denatures the

anticoagulant proteins and affects the intrinsic pathway of

blood coagulation by producing a shortened clotting time

[43]. (n = 3 at each time point).

3.4 Cytotoxicity studies

Indirect cytotoxicity test done using MTT assay with L929

mouse fibroblasts showed that while chitin scaffold was

biocompatible, all the chitin/nanosilver composite scaf-

folds were found to be cytotoxic (Fig. 8). This toxicity is

due to the silver nanoparticles present in these scaffolds.

Whether this may have an effect on wound healing is

doubtful as previous studies have shown that nanosilver

containing wound dressings are cytotoxic in vitro, while

in vivo they perform satisfactorily [18, 44]. In an article by

Ong et al. [18] reported chitosan wound dressing contain-

ing nanosilver and polyphosphate showed severe cytotox-

ixity in vitro while in vivo the wound healing was

satisfactory and the wounds stained with H&E showed

good fibroblast proliferation and keratinocyte maturation in

epidermis when tested on murine models. This apparent

Fig. 6 A and B Antibacterial

activity of chitin/nanosilver

composite scaffolds against A
S. aureus and B E. coli. The

specimens used were (a) Chitin

(b) Sample A (c) Sample B and

(d) Sample C along with

Gentamycin (10 mg) control

Table 2 Diameter of ‘zone of inhibition’ of chitin/nanosilver com-

posite scaffolds against S. aureus and E. coli

Samples Diameter of zone of inhibition (mm)

S. aureus E. coli

Gentamycin control (10 mg) 21 ± 1.2* 23 ± 1.4*

Chitin – –

Sample A 16 ± 1.4* 19 ± 2*

Sample B 17 ± 2.2* 20 ± 1.8*

Sample C 18 ± 1.8* 21 ± 1.3*

The data are expressed as mean ± (standard deviation (SD)) of three

independent experiments. * Denotes a statistically significant differ-

ence compared to chitin control (P \ 0.05)

Fig. 7 Blood-clotting efficiency of chitin/nanosilver composite

scaffolds a control (Without scaffold), b collagen, c chitin control,

d sample A, e sample B and f sample C. Asterisk (*) denotes a

statistically significant difference compared to positive control

(collagen) (P \ 0.05)

J Mater Sci: Mater Med (2010) 21:807–813 811

123



discrepancy between in vitro and in vivo results may be

explained by the rapid inactivation of silver ions in pres-

ence of physiologic concentrations of chloride and protein

in the wound [45]. The antimicrobial mechanism of silver

nanoparticles is related to the formation of free radicals and

subsequent free radical–induced bacterial membrane

damage [46]. (n = 3 at each time point).

4 Conclusion

In this work, novel chitin/nanosilver composite scaffolds

were synthesized using chitin hydrogel with silver nano-

particles and characterized using SEM, FT-IR and XRD.

These scaffolds were found to be bactericidal against both

S. aureus and E. coli and were also found to have superior

blood clotting ability, which will be useful for wound

healing applications. However, these scaffolds were cyto-

toxic to mouse fibroblasts under in vitro conditions. It is

uncertain whether this in vitro cytotoxicity will affect

in vivo wound healing response.
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