Antibacterial Behaviors and Physical Properties of Silver Nanoparticle Doped Eco-Friendly Nonwoven Fabrics
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Abstract
A green approach for forming silver nanoparticles (Ag NPs) on the eco-friendly high-absorbent nonwoven fabrics was investigated. The fiber blending ratio of high-absorbent nonwoven fabrics was optimized by simulated body fluid (SBF) and water absorption. SBF and water absorption ratios reached 42 and 42.9 times after addition of 50 wt% high-absorbent fibers. The Ag NPs were characterized by UV-Vis Spectrometry, X-Ray Diffraction (XRD) and Transmission Electron Microscopy (TEM). UV-Vis and XRD image confirmed the presence of Ag NPs. TEM observation revealed that Ag NPs were distributed as 5-10 nm. The results of antimicrobial activity showed that Ag NPs dope is effective to produce the antimicrobial nonwoven fabrics against E. coli and S. aureus. 
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Introduction
Approximately 50% of traumatic bleeding brings about physical disabilities and even deaths on the battleground (Bellamy 1984). Although many effective hemostasis productions are used for injured treatment at hospital, the pre-admission emergency methods are still in the conventional status, including direct pressure hemostasis, bleeding point hemostasis and tourniquet hemostasis. In recent years, medical and industry fields have highly paid attention to medical absorbable hemostatic materials. Siedleck et al. (2006) pointed out that blood coagulation intrinsic started from contact activation at preliminary stage of blood aggregation, and pre-aggregated material reacted with coagulation factor XII transforming into a proteolytic enzyme FXIIa. Lou (2008) indicated chitosan composite wound dressing accelerated wound healing and absorbed excessive blood after compounding with Tencel®/Cotton nonwoven. Brown et al. (2009) investigated chitosan hemcon bandage efficiency on civilian emergency medical services system. These materials would reduce bleeding amount and shorten operation time, which was positive to patient prognosis. A large amount of blood and tissue fluid was absorbed for a short time after bleeding. Therefore, research on hemostatic material becomes very important.
Blood is composed of 55% adtevak which has 92% water. Hemostatic necessarily has high hygroscopicity, that is, absorbs plenty of bleedings and tissue fluid in trauma position. Cellulose fibers such as viscose fiber, cuprammouium fiber and regenerated fiber, possess high water absorption. Therein, Lyocell® regenerated fibers have high-degree crystallinity and good physical properties, and their process has non-pollution. They are solidified using recyclable N-methyl morpholine-N-oxide (NMMO), and possesses high wet strength and low fiber shrinkage through textiles process (Campos and Bechtold 2003). Based on aforementioned advantages, Lyocell® fiber is called as an eco-friendly fiber (Liu et al. 2001; Bartsch and Kling 2001). Moreover, Ibbett and Hsieh (2001) indicated that fibers among Lyocell® twill fabric produced 200% swelling ratio after water absorption, but high swelling ratio also happened fabric shrinkage which was irreversible to change.
Chitin is the N-acetylglucosamine straight-chain polymer, extensively including in crustaceans shell and mollusks endoskeleton (Tamura et al. 2006; Jaworska et al. 2009; Ramesh and Tharanathan 2003). When more than 55% of acetyl groups are removed, chitin is formed into Chitosan which has many advantages, such as biocompatibility, biodegradability and nontoxicity. Chitosan molecular generates cations which have strong attraction with microbial cells and then results in cell shrinkage and cell death. Yang et al. (2005) discussed antibacterial property of chitosan derivatives, indicating that antimicrobial activity highly related to degree of substitution (DS) of disaccharide among chitosan molecular and chitosan derivatives containing 0 to 500 ppm lowered livability of E. coli or S. aureus. In order to improve antimicrobial activity, metallic element was also compounded with Chitosan forming antibacterial gel by complexing action (Patale et al. 2011). Zhang et al. (2012) prepared 100-300 nm composite nanoparticles particles employing acrylic acid, chitosan and Fe3O4 magnetic fluid. Topel et al. (2013) prepared antimicrobial silver nanoparticles by polystyrene-block-polyacrylic acid (PS-b-PAA) copolymerization method. 
In this study, the green approach for silver nanoparticles (Ag NPs) synthesis using chitosan and silver nitrate was investigated. Lyocell® fiber and high-absorbent cotton fiber were prepared into high-absorbent and eco-friendly nonwoven fabric. The presence and size of Ag NPs were characterized by X-ray diffraction (XRD), UV-visible spectrometry (UV-Vis) and Transmission Electron Microscopy (TEM). The antimicrobial activity of resulting Ag NPs doped nonwoven fabrics was finally studied using E. coli and S. aureus bacteria.
Experimental
Materials
Tencel® staple fibers (fiber length: 51 mm; fineness: 1.7 denier) were offered by Taiwan Web-Pro Co., Ltd, Taiwan. High-absorbent cotton fibers (HAF) were purchased from Asiatic Fiber Corporation, Taiwan. Chitosan powder with an 80 % degree of deacetylation was procured from Global Biological Technology Co., Ltd., Taiwan. Silver nitrate solution (extra pure grade) was provided from Union Chemical Works Ltd., Taiwan.
Tencel®/HAF Nonwoven Fabric Preparation
Tencel® fiber and HAF fiber were fabricated into Tencel®/HAF nonwoven fabric via processes including opening, mixing, carding, lapping, and needle-punching. Adding ratios of HAF were 10, 30, 50 wt%. Area weight of nonwoven fabrics was constant as 100 g/m2, and needle-punched density was 75 (needles/cm2). This Tencel®/HAF nonwoven fabric was considered as high-hygroscopic base fabric, and then combined with antimicrobial agent forming water-absorption and antibacterial compound fabric.
Silver Nanoparticle Doped Nonwoven Fabrics

Chitosan powder was dissolved in the acetic solution with 1% at 50℃, magnetic stirring overnight to obtain a solution of 2 wt%. Silver nitrate solution of 100 mM was dropped into chitosan solution of 2 wt% with 1:2 % (v/v). Magnetic stirring was used to stirring mix solution for 6 hour at 90 ℃ forming silver nanoparticle (Ag NPs) antimicrobial agent. The Ag NPs were characterized by UV–Vis, XRD and TEM observations. Finally, 2 ml Ag NPs antimicrobial agent was doped into 28-mm-diameter Tencel®/HAF nonwoven and then freeze-dried preparing Ag NPs doped nonwoven fabric. Antimicrobial activity of resulting compound nonwoven against E. coli and S. aureus was also investigated.
Measurements
Water and SBF absorption
Absorbent ratio was used to characterize the water absorption property of nonwoven fabric. Dry nonwoven fabric was weighed as Wdry. The wet fabric was immersed in the water for 10 minutes (Ong 2008) and then removed free water, weighted as Wwet. Nonwoven fabric was in size of 20 mm × 20 mm. Absorption ratio was determined as (Wwet-Wdry)/ Wdry.
Absorption ratio was also used to characterize SBF absorption of nonwoven fabric. SBF is a solution including 142 mM Na+, 5.0 mM K+, 2.5 mM Ca2+, 148 mM Cl-, 4.2 mM HCO3- , 1.0 mM HPO42- and 5.0 mM SO42- buffered at pH 7.4 with tris(hydroymethyl) aminomethane and 1 M hydrochloric acid at 37℃. Ion concentrations of SBF solution were similar to those of human plasma (Ong 2008). Dry nonwoven fabric weighed as Wdry firstly placed in SBF-contained tissue culture plates, and then incubated in a humidified chamber at 37 ℃for 2 hours. Afterwards, nonwoven fabrics were removed from culture plate and then used absorbent paper to absorb free water for 3 s, weighed as Wwet. Absorption ratio was determined as (Wwet-Wdry)/ Wdry.
UV-Vis spectrometry
UV-Vis spectrum was used to confirm the amount of Ag NPs ions by UV and visible light absorption. The scanning range of wavelength was between 350-550 nm. Relations of light absorbance (A) and ions concentration follow Beer's Law. 

A= log(I0/I) = εlc’                                                (1)
Where A is absorbance, I0 is incident intensity, I is transmitted light intensity, ε is molar absorption coefficient, l is optical path length, c’ is concentration of detecting sample. 
XRD

The crystalline structure of Ag NPs was analyzed by XRD attached with Rigaku Miniflex II analyzer (Rigaku Corporation, Japan). The Ag NPs antimicrobial film was used to XRD test. Therein, the target material was Cu, and wavelength of Kα was 1.542 Å. Scanning angle (2θ) was 5~70°. The operating voltage and current was respectively as 30 kV and 15 mA. 
TEM
Particle size and distribution of Ag NPs were analyzed using Hitachi H-7650 Transmission Electron Microscopy (TEM, Hitachi High-Technologies Corporation, Japan). Ag NPs antimicrobial agent was firstly deposited on 200-mesh copper grid, and then absorbed its excessive agent by lens paper and drying, preparing TEM detecting sample. 
Antimicrobial test

The inhibition zone was used to evaluate antimicrobial activity of Ag NPs doped nonwoven fabric, according to JIS L1902 2002. Sterilized agar was poured into 90-mm-diameter culture dish to form solid medium. Then 0.1 ml E. coli or S. aureus bacterial suspension was evenly coated on solid medium, forming antimicrobial medium. Afterwards, detecting sample was attached on antimicrobial medium, and then co-cultured at 37 ◦C for 24 hours. Finally, inhibition zone was formed at the periphery of sample as shown in Figure 1. The inhibition zone was calculated as equation (2). 

Figure 1 Schematic Diagram of Inhibition Zone
Inhibition zone = (T – D)/2                                         (2)

Where D shows sample diameter (28 mm), T displays inhibition diameter. (T – D) > 0 shows antimicrobial activity. 
Results and Discussion
Hydrophilicity of nonwoven fabric
Moisture absorption is critical to hemophagia application. If blood is absorbed shortly by fabrics, possibility of excessive bleeding would be reduced and thus personnel mortality would be decreased. 
As found in Figure 2, water and SBF absorption ratio greatly improved with HAF fraction. Even with 10 wt% HAF, nonwoven fabric still had high moisture absorption ratio. This is because Tencel® fiber had many hydrophilic groups in molecular chain, and water molecules easily produced chemical-bonded water with fibers. When HAF fraction was 30-50 wt%, water and SBF absorption continuingly increased. This is because water molecular was locked in polymer chain due to rapid swelling when contacting with hydrophilic groups of HAF fibers. 
As seen from Figure 3, nonwoven fabric containing different HAF fractions had different appearance after water absorption. Figure 3 (a, b, c) shows that with increase in HAF, nonwoven fabrics had better glossiness on the surface. Figure 3 (d, e, f) shows that higher HAF produced swelling after water absorption. In addition with porous structure of nonwoven, a number of water molecules were absorbed on surface of nonwoven fabrics. Consequently, 50 wt% HAF in nonwoven fabrics presented high absorption ratio, respectively above forty times for water and SBF absorptions. Although nonwoven fabric has a character of high water absorption, it produces rapid absorption efficiency after coopering with high absorbent fiber. This shows that nonwoven fabric expands to use as wound dressing and bleeding materials in the future.
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Figure 2.  Effect of HAF fraction on water and SBF absorption property
[image: image2.png]



Figure 3. The appearance of dry nonwoven fabric (a, b, c) and water-absorbed nonwoven fabric (d, e, f) containing 10, 30, 50 % HAF.
Characterization of antimicrobial agent
UV–Vis absorption
The presence of Ag NPs was confirmed by UV–Vis absorption spectrum. Figure 4 shows that chitosan presented flat curve and no absorption peak was found. With inclusion of silver nitrate solution, reactive solution became from yellow to brown and meanwhile Ag NPs agent was formed which was confirmed by characteristic peak in the UV–Vis spectrum. The absorption peak became stronger as chitosan concentration increased. This is because amidogen among chitosan has more possibility to reacting with silver ion, generating more and more Ag NPs. The maximum absorption peak occurred at 421 nm wavelength when containing 2 wt% chitosan. For metallic nanoparticles, electronic vibration frequency produced resonance at alternate electric field wave, which is called as surface plasmon resonance. Au, Ag, Cu, and alkali metal contained free electron which generates surface plasmon resonance in visible light (Chhatre et al. 2012). Moreover, chitosan as a natural carbohydrate, contains abundant oxyen groups which combines with amidos and silver ions (Zhang et al. 2008). This combination has significant influence on surface plasmon resonance. Therefore, maximum absorption peak occurred at higher concentrations of chitosan.
Temperature also plays a role to Ag NPs formation. In our preliminary study, we found that low temperature was negative to Ag NPs formation. This is mainly because reaction kinetic energy cannot drive combinations of amidogen and silver ion. Therefore, in this study, the reactive temperature was set as 90 ℃.
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Figure 4. UV-Vis absorption spectrum of Ag NPs agent generated by various concentration of chitosan. 
XRD analysis

The crystallization of Ag NPs was analyzed by XRD pattern. Figure 5 displays that a similar crystalline peak occurred at 2θ of 9.9-10.7 and around 21.9 even with different concentrations of chitosan. This is due to α-type and β-type characteristic peak of cellulose-structure chitosan (Prashanth et al. 2002). Such crystallization peak corresponds to research results by Monarul et al. (2011). After reaction, another characteristic peak occurred at 2θ=37.3 whose miller index was Ag (111). This peak represents formation of Ag NPs (Lanje et al. 2010; Liu et al. 2007). When chitosan concentration increased to 1 wt%, characteristic Ag (111) peak started to appear. As inclusion of chitosan, three characteristic peaks occurred corresponding to Ag (111), Ag (200) and Ag (220) lattices. Diffraction angle of Ag (111) shifted when increasing chitosan from 1 wt% to 2 wt%, which is ascribed to different particle size of Ag NPs. These particular diffractions related to face-centered cubic structure of silver lattice.

[image: image4]
Figure 5. XRD pattern of chitosan and Ag NPs agent synthesized by different concentrations of chitosan. 
Particle size and distribution of Ag NPs were observed by TEM image in Figure 6. Fig. 6a shows that Ag NPs was in nano scale, and presented uniform and sphere shape. Fig. 6b displays that particles were distributed mostly between 20-25 nm and followed between 15-20 nm. Figure 6c and 6d show that a large amount of Ag NPs were in-between 5-10 nm at higher inclusion of chitosan owing to combinations of amidogen and silver ion. This conforms to UV–Vis result at 421 nm wavelength. With higher chitosan, the size distribution of Ag NPs became wider. This is due to fact that amidogen and silver ion integrated into a chelate-like structure. High concentration of chitosan interacted with Ag+ in a large scale, forming steric effect and thus increasing nanoparticles distribution.
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Figure 6. Particle size and distribution of Ag NPs agent containing 0.5 wt% chitosan (a, b) and 2 wt% chitosan (c, d) by TEM observation. 
Antimicrobial Activity of Ag NPs doped compound nonwoven
Figure 7a and 8a reveals that chitosan doped nonwoven fabric possessed weak antimicrobial effect against E. coli and S. aureus. In the acidic condition, amido groups in chitosan had positive charge (NH3+), and combines with negative charge on cell membrane of bacteria. This changes inner and outer osmotic pressure of bacterial cell and prevents the growth of bacteria (Raafat et al. 2008). To further improve antimicrobial activity, Ag NPs were doped in the high-absorbent nonwoven fabric, forming Ag NPs compound fabric. Figure 7(b-d) and 8(b-d) confirms that the inhibition zone of Ag NPs compound fabric was bigger than that of chitosan compound fabric. This is because Ag NPS doped fabric generated positive charge which attracts with negative charge in bacteria cytomembrane and then destroys DNA replication of bacteria (Kim et al. 2007).
An evident inhibition zone against E. coli was observed in Figure 7 for Ag NPs doped nonwoven fabric. This is because cell wall of E. coli had electronegativity, which attracts with silver ions and then destroys intra-cellular protein thiol groups (Feng et al. 2000; Kim et al. 2010; Paná et al. 2006). This antimicrobial characteristic is different from that of against S. aureus. S. aureus bacteria would be disturbed and then destroyed only when a large amount of nano-scale Ag NPs was permeated into cell membrane. 
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Figure 7. Antimicrobial activity against E. coli of compound nonwoven with (a) 2 wt% chitosan and Ag NPs agents synthesized by (b) 0.5 wt%, (c) 1 wt% and (d) 2 wt% chitosan.
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Figure 8. Antimicrobial activity against S. aureus of compound nonwovens with (a) 2 wt% chitosan and Ag NPs agents synthesized by (b) 0.5 wt%, (c) 1 wt% and (d) 2 wt% chitosan.
Conclusion 
   This study synthesized silver nanoparticles via green chemistry process, and then compounded with Tencel®/ high-absorbent cotton nonwoven fabrics. When high-absorbent cotton fibers reached 50 wt%, 
water and SBF absorption ratios of nonwoven fabrics achieved 42 and 42.9 times respectively. The highest UV–Vis absorption peak at 421 nm wavelength and characteristic miller index at Ag(111), Ag (200) and Ag(220) were found by UV–Vis spectrum and XRD observation when inclusion of 2 wt% chitosan was used to synthesize silver nanoparticles (Ag NPs). These research results confirmed the presence of silver nanoparticles. TEM observation revealed that most of silver nanoparticles were distributed around 50 nm. The particle size of silver nanoparticles was narrowed to 5-10 nm after 2 wt% chitosan addition. Ag NPs doped nonwoven fabric had effectively antimicrobial activity against E. coli and S. aureus. The resulting compound nonwoven possessed excellent hygroscopicity and antimicrobial properties, and therefore, used as the hemostasis wound dressing in the future. This research result contributes to improve excessive bleeding and bacterial infection in an accident. 
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