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Abstract
Silver-containing dressings have been widely used for controlling wound infection. However, the relationship between different concentrations of silver in dressings and their antimicrobial activities and wound-healing efficacies remains unclear. In the present study, we (in cooperation with Bio-medical Carbon Technology) investigated various silver-containing activated carbon fibers to understand the effects of different silver concentrations on the efficacies of a silver containing dressing. Our results indicated that various silver-containing activated carbon fibers exhibited good antibacterial effects and biocompatibility in terms of cell viability and that silver concentration showed a minor influence on cell growth. The infected excision wound model indicated that compared to silver-containing activated carbon fiber and other commercial silver-containing dressings assisted wound healing by promoting granulation and collagen deposition. Meanwhile, the silver ion can only be restrained in epidermis by intact skin. During application on the wound area, a temporary increase of serum silver can be detected, but this elevated serum silver level decreased to a subtle level after the removal of silver-containing activated carbon fiber.
Keywords: silver; activated carbon; infection; infected excision wound; wound healing
1 Introduction
Intact skin provides a barrier to protect vertebrates from pathogen invasion. When damage to the skin occurs in such forms as abrasions, punctures, burns, surgical wounds or chronic wounds, the safeguard is broken and, in turn, the chance of infection is dramatically increased. Antibiotics were once powerfully effective medicines for controlling pathogenic infection. However, the emergence of various antibiotic-resistant bacteria like Methicillin-resistant Staphylococcus aureus (MRSA), Multidrug-resistant Pseudomonas aeruginosa and Multidrug-resistant Acinetobacter baumannii has impeded and limited the broad efficacy of antibiotics [1-3]. As a result, silver is now widely used in wound dressing for controlling infections [4]. Silver is a natural antimicrobial agent that is able to be effective against more than 650 disease-causing microorganisms [5-7]. The antimicrobial activity of silver results from changes to bacterial membrane permeability, the inhibition of bacterial DNA replication/RNA transcription and dysfunction of bacterial enzymes [8]. This multi-directional antimicrobial mechanism effectively eliminates Gram-positive and Gram-negative bacteria, with only sporadic cases of silver resistance ever documented since 1998 [9-10].

As of now, various commercial silver-containing dressings have been developed, and the safety and effectiveness of silver-containing dressings have been widely accepted and verified by plenty of clinical trials [8,11]. These dressings can be made of various materials, including polyethylene film, hydrofiber, foam, alginate or activated carbon, among others, and the material used could determine the property of the dressing. In addition, various factors such as the silver concentration, the type of silver used (metal particle or ionic salt), the amount of silver ion released and the manufacturing process used all affect the antimicrobial activities of silver-containing dressings. Activated carbon has been applied in wound dressings, which were originally designed to control would malodor [12,13]. Activated carbon fiber (ACF) has a high degree of microporosity and an enormous internal surface area [14-16]. These properties contribute to its excellent adsorptive capacity for chemicals and gases. The ACF made of carbonaceous source materials like coconut, wood or nutshells belongs to the category of charcoal-based activated carbon. Alternatives such as polyacrylonitrile (PAN) can serve as the raw material as well for producing PAN-based ACF. PAN-based ACF contains more uniform micropores and an even higher surface area compared to charcoal-based activated carbon [14,15].
A commercial wound dressing composed of PAN-based ACF supporting silver particles included via the impregnation method, KoCarbonAg®, has been developed by Bio-medical Carbon Technology Co., Ltd. Actisorb silver 220 (Systagenix) is another commercially available dressing which comprises silver impregnated charcoal activated carbon cloth enclosed in a sleeve of non-woven nylon. Acticoat 7 (Smith & Nephew) is composed of alternate layers of rayon and silver-coated polyethylene film with a physical vapor deposition process for silver coating. Silverlon (Argentium Medical) is a silver-coated nylon fabric using electroless plating technology. In this study, we examined distinct silver-containing PAN-based ACF (hereafter abbreviated as Ag-ACF) with regard to its physicochemical characteristics, namely its silver distribution phenomenon and release profile, as well as its antimicrobial activity and infected tissue wound healing, with the commercially available silver-containing dressings mentioned above used for the purpose of comparison.
2 Materials and methods

2.1 Preparation of ACF and various silver-containing ACF

The raw ACF cloths in this study came from Bio-medical Carbon Technology, Taiwan. The ACF cloths were produced from raw oxidized PAN fiber cloths (thickness: 0.73 mm; base weight: 310 g m-2). The precursor of oxidized PAN fiber was activated using steam (0.2 mL min-1) and CO2 (0.1 mL min-1) for 10 min to prepare ACF. The ACF samples were impregnated with various concentrations of silver nitrate solution in vacuo for 3 hrs, then heated at 350°C for 120 min under nitrogen. During heat treatment, the silver nitrate is reduced to silver metal particles. Specifically, the nitrite and nitrate are vaporized out from the surface of the ACF, resulting in fine grains of silver particles deposited on the ACF surface. The surface morphology of various silver-containing ACF dressing was investigated visually using a field-emission scanning electron microscope (HITACHI S-4800, Japan).
2.2 Silver release from wound dressing
The dressings tested in this study were first trimmed into pieces with dimensions of 1 x 3 cm2. Three pieces of corresponding trimmed sample were then immersed in 3 mL distilled water at 37°C for 24 hrs. After 24 hrs, the distilled water immersed with particular samples was diluted by 10 times, followed by filtering off the debris, and then subjected to inductively coupled plasma-optical emission spectrometer (ICP-OES) to determine the sliver concentration (ppm). Standard solutions with 0.1 to 2 ppm were prepared. Values below 0.1 ppm were obtained by extrapolation.
2.3 Antimicrobial activity

We analyzed different common wound dressings [Acticoat 7, Silverlon, Actisorb silver 220, and Ag-ACF (support by Bio-medical Carbon Technology Co., Ltd)] to inhibit P. aeruginosa growth ability. The P. aeruginosa (ATCC 27853) were obtained from the American Type Culture Collection (ATCC, Manassas, VA). These bacteria were grown on tryptic soy broth (TSB) agar plates under microaerophilic conditions for 24 hrs at 37℃ [17]. A single colony was selected and cultured in TSB medium to an optical density of 1.0 at 590 nm (OD590) by a visible spectrophotometer (Biochrom, England, UK). The tested dressings with dimensions of 2 x 2 cm2 were exposed to 5.00 mL TSB culture medium with 0.02 mL fresh bacteria broth for specific time interval as indicated. Bacterial suspension at indicated time intervals were serial diluted and plated on the TSB agar plates. The colony-forming unit (CFU mL-1) of bacterial suspension exposed to test samples was determined by counting the amount of colonies grown on the TSB agar plates.
Furthermore, we tested various ACF containing 1 mg, 5 mg, 10 mg and 20 mg per 100 cm2 of silver (Ag-1/ACF, Ag-5/ACF, Ag-10/ACF and Ag-20/ACF; support by Bio-medical Carbon Technology) for their growth effect. Bacterium E. coli (ATCC 25922), S. aureus (ATCC 25923), and P. aeruginosa (ATCC 27853) were obtained from the American Type Culture Collection (ATCC, Manassas, VA). The tested dressings with the same dimensions of 2 x 2 cm2 were exposed to 5.00 mL TSB culture medium with 0.02 mL fresh bacteria broth for 24 hrs to characterize the inhibition percentage of growth on bacterial suspension of various silver-containing ACF dressings. The extent of growth inhibition was determined by counting the number of colonies, and quantification of in-vitro antibacterial activity was conducted by calculating percentage of growth inhibition as compared to untreated bacteria [18]. The percent growth inhibition was determined using the formula:

% growth inhibition=[(colony number of control -colony number of sample) /colony number of control ] x 100%
2.4 Cell cytotoxicity for sliver containing ACF

Normal human skin fibroblast (NHF) cells were initially grown in 25 cm2 tissue culture flasks with medium supplemented with 0.1 mM nonessential amino acids, 1.0 mM sodium pyruvate, 10% fetal bovine serum, penicillin (100 U mL-1), and streptomycin (100 μg mL-1), and were kept in an incubator at 37°C, 95% humidity, and 5% CO2. The cells were harvested for subculture every 3 days with 0.25% trypsin plus 0.05% ethylenediaminetetraacetic acid solution and were used for the cell viability experiments. The cytotoxicity of the test samples was evaluated in-vitro using 3-(4,5-dimethyl-thiazol-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The assay is based on mitochondrial dehydrogenase activity as an indicator of cell viability [19,20]. The NHF cells were seeded at 1 x 105 cells per well in 24-well plates overnight, and then placed in growth medium containing test samples for 24 hrs. The cells were then incubated in growth medium containing 1 mg mL-1 MTT for an additional 4 hrs. Dimethyl sulfoxide (100 μL) was added to each well to ensure solubilization of the formazan crystals. The optical density was read with a Molecular Devices SpectraMax M2e microplate spectrofluorometer at a wavelength of 570 nm [21]. All experiments were performed six times with eight replicate wells for every sample and control per assay.
2.5 Wound healing and histologic analysis in infected wound tissue
Animal care and use complied with the 1996 revision of the “guide for the care and use of laboratory animals’’ prepared by the Institute of Laboratory Animal Resources, National Research Council, and published by the National Academy Press. Five Sprague–Dawley (SD) rats weighing 250–300g were individually housed in polycarbonate cages maintained at constant temperature (22°C+2°C) and humidity (55%). The rats were subjected to a 12:12 hrs light-dark cycle and access to food and water, and their average weight and behavior did not change significantly during the experiment. Rats were anesthetized with an intraperitoneal injection of ketamine (90 mg kg-1) with xylazine (10 mg kg-1) [22]. The dorsal skin was shaved, application fields were outlined with a marker pen before skin excision, and the surgical area was disinfected with 70% ethanol. On the back of each rat, a full-thickness wound with dimensions of 1 x 1 cm2 was created on each side of the spine by dermo-epidermic excision. The wounded rats each received 100 μL of the bacterial mixture including P. aeruginosa, E. coli and S. aureus (1.5 OD590 of each) on the wound surface. Wounded rats were applied with tested dressings with dimensions of 2 x 2 cm2 after 24 hrs infection. Each dressing was covered with a sterile compress secured by a hypoallergenic elastic adhesive bandage. Animals were caged individually following identification. The dressings were changed every three days; the wounds were photographed and examined to determine wound size reduction. Wound size measurements taken during surgery, and biopsy were used to calculate percentage size reduction of wounds [23]. 

Wound size reduction (%) = [(A0- At)/A0] x 100
where A0 and At denote initial wound area and wound area after time interval ‘‘t’’, respectively. Wound area was measured from photographs using the Image-Pro Plus (Media Cybernetics, Silver Spring, MD) following calibration. Histologic analysis at different healing times was carried out using light microscopy. Briefly, biopsies were fixed in buffered paraformaldehyde and embedded in paraffin wax. Sections of 5 μm were stained with hematoxylin and eosin, and Masson’s trichrome. The stained sections of each test sample were then examined under a light microscope, for analysis of tissue regeneration.
2.6 Silver distribution of intact skin and blood in animal study
First, the 2 x 2 cm2 tested dressing was applied on the intact dorsal skin of SD rat for 3 days. The applied silver-containing dressing was covered and fixed by the transparent adhesive opsite film. Rats were scarified 3 days after applying test sample dressing, the full-thickness skin tissue with dimensions of 1 x 1 cm2 underneath dressing applied area and 2 mL of blood were sampled, followed by the microwave digestion with a final volume of 50 mL. The prepared samples were subjected to ICP-OES to determine the silver concentration (ppm) of the test sample. Silver content in skin (μg cm-2) = (value of ppm) x 0.05 L x 1000 x 1 cm-2
Second, the full-thickness excisional wound on dorsal side of rat was created as mentioned in the section of “wound healing” except for no bacterial broth was added as the representative of clean wound. Various silver-containing ACF with dimensions of 2 x 2 cm2 were applied on the wound area, covered with a sterile compress secured by a hypoallergenic elastic adhesive bandage. The dressings were changed on the 3rd and 6th day after surgery, and applying Ag-ACF was stopped since 9th postsurgery day. The 2 mL of blood was collected at the 5 days after surgery as well as at 21 days after the removal of Ag-ACF. The collected blood samples were then subjected to ICP-OES to determine the silver concentration.
2.7 Statistical analysis

Statistical analysis of differences in measured properties of the groups was performed with one-way analysis of variance and the determination of confidence intervals, with the statistical package Statistical Analysis System, version 6.08 (SAS Institute, NC). All data are presented as means and standard deviations, indicated as “mean + SD”. Differences were considered statistically significant when the p values were <0.05.
3 Results and discussion
3.1 Micrographs of silver-containing ACF wound dressings 
The ACF containing 1 mg, 5 mg, 10 mg and 20 mg per 100 cm2 of silver (Ag-1/ACF, Ag-5/ACF, Ag-10/ACF and Ag-20/ACF, respectively) were prepared, and their morphology was investigated under a scanning electron microscope. Micrographs showed that ACF is about 5 μm in diameter (Fig. 1). The silver particles are evenly distributed along the fiber and the quantity is in proportion to the silver content indicated (black arrows). Current commercial product, KoCarbonAg®, contains silver with an average of 5 mg per 100 cm2, is represented as Ag-5/ACF in this study.
3.2 Silver release from wound dressing
The antimicrobial activity of silver comes from the release of the silver ion when it comes in contact with an aqueous environment [8]. The amount of silver ion released from various silver-containing ACFs was examined in distilled water for 24 hrs at 37°C. After 24 hrs, 3.67, 2.12, 1.40, and 0.90 ppm of silver ion were detected, respectively, in the distilled water samples in which Ag-20/ACF, Ag-10/ACF, Ag-5/ACF, and Ag-1/ACF were immersed (Fig. 2). This indicates that the higher the silver content on the ACF, the greater the amount of silver ion that can be released in an aqueous environment. However, silver content is not the only factor that affects the amount of silver ion release. The silver content of Silverlon is 546 mg per 100 cm2, which is 27.3 times higher than that of Ag-20/ACF. Nevertheless, the amount of silver ion released from Silverlon was measured at 3.62 ppm, which is similar to Ag-20/ACF (Fig. 2). On the other hand, the amount of silver ion released from Actisorb silver 220 was 0.13 ppm (Fig. 2), which is 7 times lower than the release rate of Ag-1/ACF, even though the silver content of Actisorb silver 220 is about 2.7 times higher than that of Ag-1/ACF.
One factor that may affect the silver ion release is the method of silver preparation. It was already known that silver nanoparticle releases silver ion at a greater rate than bulk silver and that this is due to the larger surface area of nanoparticles [8,24]. The method of electroless plating coats a layer of metallic silver on the surface of Silverlon, leaving a sheet of silver film on the surface instead of silver nanoparticles. This difference dramatically reduces the surface area of silver and could be the reason for the low silver ion release rate of this highest silver-containing dressing. Meanwhile, the fundamental material of the silver-containing dressing may also play a role in the rate of silver ion release. Actisorb silver 220 is composed of metallic silver impregnated on activated carbon (charcoal) cloth enclosed in a non-woven bag. The low level of silver ion released from Actisorb silver 220 may partially be the consequence of the adsorptive property of the activated carbon, which can adsorb metals ions such as silver ion and thus decrease the silver ion concentration in the aqueous solution [25,26].

In addition, Acticoat 7 releases an extremely high level of silver ion (Fig. 2). Acticoat 7 contains 148 mg of nanocrystalline silver per 100 cm2, with a crystallite size of ~50 nm in diameter. In addition, both of its fundamental materials (rayon and polyethylene film) have no adsorptive property, a factor which may contribute to its high capacity for silver ion release. While monitoring the silver ion release, we found that the amount of silver ion in the distilled water in which Acticoat 7 was immersed accumulated over time, whereas the silver ion released from other samples reached a stable level 30 min after immersion (data not shown). Such stable release of silver ion could minimize the chance of excessive silver deposition in wound tissue [27].
3.3 In-vitro antimicrobial activity

In-vitro study of P. aeruginosa elimination indicates that the antibacterial activity of the silver-containing dressing is partially correlated with the amount of silver ion release. With the start of microbial load of 108 CFU mL-1 (8 log10 CFU mL-1), Acticoat 7, which releases the most abundant silver ion, decreased the level of P. aeruginosa to 1 log10 CFU mL-1 at 2 hrs, whereas Actisorb Silver 220, which releases lowest level of silver ion, took 2.5 hrs to approach the same log reduction (Fig. 3a). These results indicate that the more silver ion released from the dressing, the rapidest bacterial elimination can be achieved. However, Ag-5/ACF and Silverlon, which have 2.5 times difference in their silver ion release (Fig. 2), exhibited a similar efficacy for P. aeruginosa elimination (Fig. 3a). This may be the consequence of the adsorptive property of ACF [28-30]. ACF has been known as an excellent adsorbent and been widely used in drinking water system for removal of unpleasant tastes, odor and even germs [29,30]. Therefore, the adsorption of bacteria by ACF allows Ag-5/ACF achieving similar antimicrobial efficacy as Silverlon did while the silver ion released from Ag-5/ACF is lower than Silverlon. Notably, even various levels of silver ion eliminated P. aeruginosa with distinct rates, all these dressings examined in this study suppressed the bacterial growth to a stable condition (Fig. 3a, at 4 hrs). In addition, the antimicrobial activities of various silver-containing ACFs (Ag-1/ACF, Ag-5/ACF, Ag-10/ACF and Ag-20/ACF) against P. aeruginosa, S. aureus and E. coli for 24 hrs were then examined (Fig. 3b). Consistent with the result mentioned above, even though these various silver-containing dressings exhibited different efficiencies for bacterial elimination during the first couple hrs, they all showed inhibition effects of approximately 90% at 24 hrs for all three bacterial strains that were tested (Table 1, Fig. 3b).
3.4 Cell cytotoxicity analysis for silver-containing ACF dressing
The potential toxicity of silver is always a concern to patients and health care professionals when applying silver derivatives on the wound area. An in-vitro study indicated that the silver nitrate solution with > 25 μg mL-1 has 80% significantly toxic effect to human keratinocyte and fibroblast monolayer culture [31]. Similarly, a study showed that silver sulfadiazine at 100 μg mL-1 concentration may exhibit cytotoxic effects to human keratinocyte cell [32]; both studies showed that the cytotoxic effects are dose-dependent. It is worth notice that for silver sulfadiazine or silver nitrate, once the concentration reaches the level with sufficient antimicrobial activity, it usually comes along with the considerable degree of cytotoxicity.
Therefore, we tested the silver-containing ACF for their cytotoxic effects by examining the survival percentage of human fibroblast cells after treating with different samples for 24 hrs. As shown in Fig. 4, the ACF dressing without coated silver could express biocompatibility and good human fibroblast cells viability. Then, ACF with various silver content showed some degree of cytotoxic effect, 90.72+5.35, 81.54+4.81, 77.49+6.54 and 79.85+7.42% of cell viability were obtained by Ag-1/ACF, Ag-5/ACF, Ag-10/ACF and Ag-20/ACF, respectively. In consistent with previous studies, the cytotoxic effect is related to the concentration of silver. However, our result showed that silver-containing ACF exhibited only a minor cytotoxic effect related to silver concentration, with a decrease of 10% viability from silver content of Ag-1/ACF to Ag-20/ACF. With the standard of ISO 10993-5:2009 “Biological evaluation of medical devices Part 5: Tests for in vitro cytotoxicity”, Ag-1/ACF and Ag-5/ACF exhibit slight cytotoxicity (Grade 1, not more than 20% of the cells are dead); Ag-10/ACF and Ag-20/ACF exhibit mild cytotoxicity (Grade 2, not more than 50% of the cells are dead).
The cytotoxic effect is not solely determined by the silver content of or silver ion released from the dressing. While Silverlon and Actisorb silver 220 have similar or much lower level of silver ion release compared to Ag-20/ACF did (Fig. 2), both of them show considerable degrees of cytotoxicity as 35.64+8.6% and 68.5+2.24% cell viability, respectively (Fig. 4). These results suggest that the material of the dressing, in addition to the amount of silver and silver ion release, may also contribute to the cytotoxicity of a silver-containing dressing. Notably, despite Acticoat 7 eliminating bacteria most efficiently (Fig. 3a), its cytotoxicity is extremely high (17.64 + 10.27% cell viability, Fig. 4). Nevertheless, several studies have shown evidence that Acticoat is safe to use on patients [33,34]. This indicates that there is a difference between cytotoxicity effects on in-vitro cell cultures and in-vivo models when applying silver-containing dressings. The Acticoat product might exhibit lower cytotoxicity when used on skin tissue than when used on a monolayer cell culture.
3.5 Wound healing of various silver containing ACF in infected wound tissue
Evidence indicated that the application of silver particles can promote re-epithelialization and speed up wound healing using either burn wound model or excisional wound model in mice [35,36]. In order to understand the efficacy of various silver-containing ACF applied in-vivo study, the closure area of the combination of P. aeruginosa, S. aureus and E. coli infected wound in rat model was investigated (Fig. 5 and 6). The result indicates that on the third day after applying the tested dressing, the percentages of wound closure area were 39.2+9.5% for Ag-20/ACF, 34.7+2.5% for Ag-5/ACF, 26.3+11.8% for Acticoat 7 and 21+5.6% for Actisorb silver 220. On day 6, the wound healing of Ag-20/ACF, Ag-5/ACF and Acticoat 7 are apparently better than that of Actisorb silver 220, the closure percentage of them were 67.1+2.4%, 66.0+3.1%, 60.3+5.6% and 46+1.8%, respectively. In general, Ag-20/ACF exhibited the greatest reduction of wound area in this study. However, the difference of closure area after 9 days is not significant among these tested dressings except for the control gauze. 
This result indicates that Ag-20/ACF and Ag-5/ACF accelerate the early phase of infected wound healing; presumably due to its high biocompatibility to wound tissue as well as its antimicrobial activity to control infection, leading to the shorter inflammatory phase and the early entry of proliferation phase. Although in-vitro data shows that Acticoat 7 eliminates bacterial more efficiently than Ag-ACF (Fig. 3a), its cytotoxic effect may offset its wound healing efficacy in in-vivo study, resulting in less dramatic improvement for infected wound healing. On the other hand, Actisorb silver 220 exhibited a similar healing rate as the control gauze for the first 6 days. This might due to its inefficient antimicrobial activity, resulting in nearly no improvement for early phase of infected wound healing. Additionally, the healing area was not significantly different between Ag-5/ACF and Ag-20/ACF through entire investigated times. This suggests that Ag-5/ACF can effectively control the infection like Ag-20/ACF did in this model. This result also supports our previously study [37] and in-vitro data in this study (Fig. 4) that silver content in silver-containing ACF only contribute a minor effect on cytotoxicity; further indicates that once the infection is under control, the healing rate is then less affected by the silver concentration of silver-containing ACF.
3.6 Histological evaluation in infected wound healing
Fig. 7 shows the histological results for hemaoxylin-eosin and Masson’s trichrome stain of infected wound treated with Ag-5/ACF and Actisorb silver 220 as mentioned above. On day 3, both Ag-5/ACF and Actisorb Silver 220-treated infected wounds presented aggregations of neutrophils and macrophages as the inflammatory response occurs. Ag-5/ACF-treated infected wound exhibited certain degree of granulation (Fig. 7a, yellow arrow). Actisorb Silver 220-treated infected wounds showed less granulation tissue formation but more neo-capillary formation (Fig. 7a, black arrow) than Ag-5/ACF. On day 6, elevated proliferation of granuloma was observed for both Ag-5/ACF and Actisorb Silver 220-treated infected wounds. Notably, Actisorb Silver 220-treated infected wounds showed less compact granulated tissue than Ag-20/ACF-treated infected wounds did. The results of Masson’s trichrome staining on day 6 (Fig. 7b) indicated that more collagen were produced on Ag-5/ACF-treated infected wound than that on Actisorb Silver 220, and in addition, collagen fibers deposit evenly on Ag-5/ACF-treated infected wound (Fig. 7b).
This result indicated that silver-containing ACF promotes the fibroblast proliferation and the deposition of collagen fiber. These effects are the consequence of the emission of far-infrared ray (FIR) from activated carbon [38]. Many studies of FIR related to wound healing have been reported. In support with our data, FIR has been shown to promote wound healing by increasing the proliferation of fibroblast as well as the secretion of collagen fiber and TGF-β in a full-thickness wound model in rat [39]. Another study indicated that FIR increases skin microcirculation in rats [40], which is believed to be the mechanism of FIR therapy for treating acute and chronic wound of trauma, surgery or diabetes mellitus. In addition, other effects of FIR such as anti-inflammation and protecting cells from apoptosis may play roles as well in promoting wound healing by FIR-emitting ACF [41,42].
3.7 Silver distribution of intact skin and blood in animal study
It has been noticed that exposure of excessive silver could result in argyria, the bluish or grey-blue discoloration of the skin [6]. Although it is not a toxic effect, argyria is undesirable and usually permanent. It has been known that long term exposure of Acticoat 7 could result in temporary discoloration of human skin. Thus, we investigated the quantity of silver deposit in intact rat skin after the application of Ag-5/ACF or Acticoat 7. After three consecutive days of the application, the silver detected in skin applied for Ag-5/ACF is 0.45 μg cm-2, whereas for Acticoat 7 is 6.47 μg cm-2 (Table 2), which is 14 times more than that of Ag-5/ACF. The silver was blocked in epidermis of intact skin apparently because there is no silver detected in serum, which means the silver did not penetrate into dermis, where plenty of capillaries are distributed. Meanwhile silver-containing dressings were applied on wound area, serum silver level increases during the applied period, but the level decreases to less than 0.1 ppm 21 days after removal of the dressing (Table 3), which is within the normal range of silver concentration in mammalian tissue [43]. This result using rat excisional wound model is consistent with the report by Moiemen et.al, which shows serum silver level in follow-up patients decreases with the median half-life of silver elimination as about 45 days [44]. Presumably, majority of the serum silver is eliminated through biliary excretion to the feces as several previous studies reported [45,46].
4 Conclusions
The various silver-containing ACF were produced by Bio-medical Carbon Technology exhibit benefits for medical application. All tested silver-containing ACF performed high biocompatibility with sufficient antimicrobial activity in-vitro. An in-vivo study further indicated that various produced Ag-ACF can promote infected wound healing in early phase compared to other commercial silver-containing dressing and promoting granulation and collagen deposition. Lastly, applying silver-containing dressing to a wound would temporarily increase the serum silver level. Nevertheless, the serum silver is eliminated after the removal of the dressing, falling to a subtle level eventually.
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Tables
Table 1. The inhibition of bacterial growth (%) of the various Ag-ACF dressing (n=5)
	                         Bacterial Growth Inhibition (%)

	Samples
	Escherichia coli
	Staphyllococcus aureus
	Pseudomonas aeruginosa

	Ag-20/ACF
	91.32 + 11.24
	89.56 + 9.72
	92.17 + 9.53

	Ag-10/ACF
	88.73 + 9.86
	89.17 + 10.3
	91.48 + 11.42

	Ag-5/ACF
	90.42 + 11.06
	88.77 + 8.44
	91.29 + 7.59

	Ag-1/ACF
	89.23 + 8.54
	87.42 + 9.72
	88.55 + 9.98

	ACF
	32.13 + 10.42
	39.42 + 7.69
	33.54 + 8.24

	Gauze
	10.23 + 5.23
	11.52 + 6.41
	10.32 + 5.93


Table 2. Silver concentration of intact skin and blood after applying distinct silver-containing dressing
	
	Silver content

	
	Skin (μg cm-2)
	Blood (ppm)

	Control (without sample)
	0
	0

	Ag-5/ACF (Bio-Medical Carbon Technology)
	0.45
	0

	Acticoat 7 (Smith & Nephew)
	6.47
	0


Table 3. Silver concentration of blood after applying Ag-ACF dressing (Bio-Medical Carbon Technology) on wound area
	
	
	Blood silver content (ppm)

	
	Applied after 5 day
	21 day after removal of dressing

	Control (without sample)
	0
	0

	Ag-5/ACF
	0.97
	0.09

	Ag-10/ACF
	0.43
	0.09

	Ag-20/ACF
	0.25
	0.07


Figure Captions

Fig. 1 Scanning electronic microscope micrographs of the Ag-1/ACF, Ag-5/ACF, Ag-10/ACF and Ag-20/ACF.
Fig. 2 The release of silver ion from silver-containing dressings in distilled water for 24 hrs.
Fig. 3 Antibacterial activity of silver-containing dressings. (a) The colony-forming unit (CFU) of P. aeruginosa after treated with silver-containing dressings within 4 hrs; (b) The growth inhibition of E. coli, S. aureus and P. aeruginosa after treated with various Ag-ACF for 24 hrs (n = 5).
Fig. 4 Cell viability after treatment with silver-containing dressings for 24 hrs (n = 6).
Fig. 5 Representative photographs of the infected wound on days 3, 6, 9, 12, and 15 postoperative with the treatment of indicated silver-containing dressings.
Fig. 6 The percentage of infected wound closure treated with silver-containing dressings (n=5).
Fig. 7 Histologic image of the infected wound treated with Ag-5/ACF and Actisorb Silver 220 on days 3 and 6 by hematoxylin-eosin staining (a) and days 6 by Masson’s trichrome staining (b).
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Fig. 2
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Fig. 3a
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Fig. 3b
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Fig. 4
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Fig. 5
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Fig. 6
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Fig. 7
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