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Abstract

:

An eco-friendly approach for improvement of antibacterial properties of polylactic acid (PLA) nonwoven fabrics was obtained by in situ reduction of silver nanoparticles (Ag NPs) on dielectric barrier discharge (DBD) plasma-induced chitosan grafted (DBD-CS-Ag NPs) PLA nonwoven fabrics. The surface morphology, surface element composition and the chemical state of silver of the PLA surfaces after the treatment were evaluated through scanning electron microscopy (SEM), energy dispersive X-ray (EDX), Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD), respectively. The antibacterial activity of DBD-CS-Ag NPs treated PLA against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) was tested. The uniform dispersion of silver nanoparticles on the DBD-CS-Ag NPs treated PLA surface were confirmed by SEM images. The results of XPS and XRD showed that the concentration of silver element on the surface of PLA nonwoven fabrics was significantly improved after DBD-CS-Ag NPs treatment. The DBD-CS-Ag NPs treated PLA nonwoven fabrics also exhibited excellent antibacterial properties.
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1. Introduction


As the world’s oil resources are increasingly exhausted and the environmental pollution is becoming more and more serious, the search for renewable resources has gradually attracted people’s attention. Polylactic acid (PLA) has been regarded as the most promising sustainable and biodegradable fiber to replace conventional polyethylene terephthalate (PET) polyester fiber in textile products. It is also widely used in medical and health, agriculture and forestry protection, and packaging materials due to its good physical and mechanical properties, excellent biocompatibility, and natural degradation [1,2,3]. However, there are still some disadvantages in the properties of PLA materials, such as high inertia, poor hydrophilicity and difficulty to react with other substances, which greatly limit the further development of PLA in the field of biomedical functional materials [4,5].



At present, studies on surface modification of PLA have been widely performed, including copolymerization [6], blending [7], crosslinking [8] and so on. Among these methods, dielectric barrier discharge (DBD) plasma has attracted much more attention due to the reduction of the complicated vacuum system, energy saving, and the stable and reliable treatment effect [9,10,11]. Plasma treatment only acts on the superficial layer of the materials, which can significantly improve the hydrophilicity, adhesion, and dyeing properties of the material surface without damaging the matrix properties [12,13,14,15]. Ren et al. [16] used atmospheric pressure DBD plasma treatment to improve the surface wettability of PLA nonwovens. With the prolongation of the treatment time, micro and nano structures were formed on the surface of PLA, resulting in sharp decrease of water contact angle which showed super hydrophilicity.



Cheng et al. [17] applied the nitrogen-based DBD jet system to treat the PLA film. The results showed that the cell growth on PLA surface was enhanced using the DBD plasma treatment. Sauerbier et al. [18] investigated whether the DBD plasma treatment could activate the surface of PLA-based wood-plastic composites and improve the coating capabilities. Kudryavtseva et al. [19] obtained the bioactive PLA based scaffolds with hyaluronic acid via atmospheric pressure plasma assisted modification method. It was shown that atmospheric pressure plasma treatment led to the changes of surface chemical composition of the PLA-based scaffolds increasing long-term hydrophilicity of the scaffold surface.



Silver nanoparticles (Ag NPs) have attracted considerable attention due to their antibacterial activities and broad-spectrum bioactivities [20,21,22,23,24,25]. Traditionally, chemical reduction is a common method to prepare nano silver-containing antibacterial textiles. In brief, silver ions are adsorbed on the textiles, followed by the addition of reducing agent to reduce silver ions to Ag NPs [26,27]. However, reducing agent causes environmental pollution. Therefore, in-situ reduction method without reducing agent takes place of the traditional chemical reduction method. In this method, textiles are functionalized to adsorb silver ions and in situ reduced to Ag NPs without any reducing agents. It not only simplifies the process, but also reduces the production cost [28,29].



Chitosan is one of the most popular natural cationic polymers, which is obtained by deacetylation of chitin from crustaceans, insects and other sources. Chitosan is a biodegradable, nontoxic, antibacterial, and biocompatible polymer and is widely used in food processing, biomedical, water purification, daily chemical industry, agriculture and other fields [30,31]. In recent years, chitosan has been widely used in the hygienic antibacterial textiles [32,33,34,35]. Also, chitosan has been reported to improve fabric properties such as dye ability and anti-shrinkage. Ren et al. [36] treated ultrahigh molecular weight polyethylene fibers by the combined treatment of DBD plasma and chitosan coatings for the improvement of surface wettability, dye ability and adhesion properties.



In this work, an eco-friendly approach for improvement of antibacterial properties of PLA nonwoven fabrics was obtained by in situ reduction of Ag NPs on the plasma-induced chitosan grafted PLA nonwoven fabrics. PLA nonwoven fabrics were pretreated by atmospheric pressure argon DBD plasma to improve its surface reactivity. Then, chitosan was grafted on the surface of PLA as a stabilizer and a reducing agent, and Ag NPs were adsorbed and in situ reduced on the surface of chitosan grafted PLA nonwoven fabrics. The surface morphology, chemical composition, and chemical state of silver were analyzed. The antibacterial properties were investigated according to GB/T 20944.3-2008 (China) and GB/T 20944.3-2008 (China), using the inhibition zone method and the shake flask method, respectively.




2. Materials and Methods


2.1. Materials


PLA spunbonded nonwoven fabrics with an areal density of 70 g/m2 and thickness of about 0.25 mm were provided by Shenzhen Shengdefu Materials Technology Co., Ltd. (Shenzhen, China). The PLA nonwoven fabrics were washed with deionized water for 10 min to remove water-soluble impurities, followed by ultrasonic cleaning in absolute ethanol for 20 min to remove organic impurities, and then the samples were dried at 60 °C for 2 h in an oven.



Chitosan (viscosity average molecular weight 5 × 105, deacetylation degree 90%) was purchased from Jinshuiqiao Biotechnology Co., Ltd., (Yantai, China). Acetic acid, AgNO3, NaH2PO4, KH2PO4, and NaOH were purchased from Runjie Chemical Reagent Co., Ltd. (Shanghai, China). All reagents used in this work were analytically pure. Escherichia coli (E. coil) (ATCC 8099), Staphylococcus aureus (S. aureus) (ATCC 6538), nutrient broth, and nutrient agar were obtained from Weidi Biotechnology Co., Ltd., (Shanghai, China).




2.2. Preparation of Chitosan Grafted PLA Nonwoven Fabrics


Atmospheric pressure DBD equipment (APP-350, fabricated by Institute of Microelectronics of Chinese Academy of Science, Beijing, China) was utilized for the plasma treatment of the PLA nonwoven fabrics. The PLA nonwoven fabrics were placed between two parallel plates with about 2 mm distance of the gap between the quartz glass layer and the ground electrode and treated by argon (1 L/min) plasma for 90 s. The input of 200 V, 50 Hz was given to the high voltage step-up transformer from the main power supply.



The desired amount of chitosan was dissolved in 2% w/v acetic acid aqueous solution to obtain 1% w/v concentration of chitosan solution and stirred for 10 h at the room temperature. The control and freshly DBD plasma pretreated PLA nonwoven fabrics were separately immersed into the chitosan solution using a liquor ratio of 40:1 at 50 °C for 60 min in the constant-temperature water bath (Spring Instrument Co., Ltd., Shanghai, China). Subsequently, the samples were washed with deionized water to remove physically adhered chitosan solution followed by drying at 45 °C in oven for 2 h.




2.3. Preparation of Chitosan Grafted PLA/Ag NPs Nonwoven Fabrics


Chitosan grafted PLA (CS-PLA) nonwoven fabrics and DBD plasma treated chitosan grafted PLA (DBD-CS-PLA) were immersed in AgNO3 solution (400 mL,1 g/L) with a liquor ratio of 1:40 for 60 min at room temperature, respectively. After being loaded Ag NPs, the samples were then washed in deionized water and dried at 45 °C for 2 h in oven.




2.4. Surface Morphology Observation


To determine the color changes of the PLA nonwoven fabrics after Ag NPs loading, the surface topography of the PLA nonwoven fabrics was observed by an optical microscope and a field emission scanning electron microscope (FE-SEM, HITACHI Group SU8020, Tokyo, Japan) with a VANTANGE 100 energy dispersive X-ray (EDX) spectrometer, respectively. Samples were sputtered with gold under vacuum prior to SEM observation, and the SEM images were recorded with secondary electrons with the magnification of 10,000 under an accelerating voltage of 3.0 kV.




2.5. Surface Chemical Composition Analysis


X-ray photoelectron spectroscopy (XPS) analysis was utilized to determine the changes of the chemical component of the treated PLA nonwoven fabrics using the ESCALAB250 X-ray photoelectron spectrometer system (Thermo-VG Scientific Co., Ltd., London, UK). The X-ray source was Cu Kα (1486.6 eV) and the operating power was 150 W. The XPS analysis was performed under 10−7–10−8 Pa and the photo emitted electrons were collected at a take-off angle of 45°.



The PLA nonwoven fabrics with or without treatment were investigated by the attenuated total reflection-fourier transform infrared spectroscope (ATR-FTIR, PerkinElmer Spectrum Two, PerkinElmer, Inc., Fremont, CA, USA). The ATR-FTIR spectra were investigated between the wavenumber from 4000 to 650 cm−1 with 64 scans at a resolution of 4 cm−1.




2.6. X-ray Diffraction (XRD) Pattern


The crystallography of the PLA nonwoven fabrics with or without treatment were characterized via XRD (Bruker AXS company D8 Advance, Berlin, Germany) by using a Cu Kα X-ray light source with 40 kV voltage and the scanning range was from 5° to 80°.




2.7. Antibacterial Activity Test


The inhibition zone method and the shaking flask method are used to conduct qualitative and quantitative tests on the antibacterial properties of the samples, respectively.



The antibacterial activity of CS-Ag NPs-PLA and DBD-CS-Ag NPs-PLA against E. coli and S. aureus was tested according to GB/T 20944.3-2008 (China) using the inhibition zone method [37]. The samples were cut into a circle with a diameter of about 15 mm, and wrap the round sample with a piece of paper for sterilization at 126 °C under 103 kPa pressure for 15 min. The cultured suspension was diluted to 1 × 105 CFU/mL with PBS buffer, and 1 mL suspension was evenly smeared on agar medium. Then the samples were attached to the culture medium respectively, and put into the biochemical incubator for 24 h at 37 °C.



The antibacterial activity of CS-PLA, DBD-PLA, CS-Ag NPs-PLA and DBD-CS-Ag NPs-PLA against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) was tested according to GB/T 20944.3-2008 (China) using the shake flask method [38]. 0.75 g of the pristine PLA sample was cut into pieces of about 0.5 cm × 0.5 cm size, and immersed in a flask containing 70 mL of 0.3 mM phosphate buffer saline medium with a concentration of 1 × 105–4 × 105 CFU/mL. The flask was then shaken on a rotary shaker at 24 °C with 150 rpm for 18 h. 1 mL of the solution was taken from each of the incubated samples, diluted and dispensed onto agar plates. All plates were incubated at 37 °C for 24 h and the formed colonies were counted.





3. Results and Discussion


3.1. Infrared Spectra


An ATR-FTIR spectrum was employed to investigate the changes in chemical structure of the PLA nonwoven fabrics after the treatment. Figure 1 shows the ATR-FTIR spectra of the chitosan, PLA nonwoven fabrics and DBD-CS-Ag NPs treated PLA. As shown in Figure 1b the untreated PLA exhibited peaks at 1750 cm−1 attributed to C=O stretching vibration, 3002 cm−1 attributed to –CH asymmetric stretching vibration, 1384 cm−1 attributed to –CH3 symmetric deformation vibration. It was found in Figure 1c that the new peaks appeared in the ATR-FTIR spectra of the DBD-CS-Ag NPs treated PLA fabrics. The new absorption band 1590 and 1540 cm−1 (attributed to C=O stretching vibration of amide I and N–H bending vibration, respectively) [39] and a broad region 3000–3470 cm−1 (contributed to –OH, –NH or NH2 stretching vibrations) were observed [36,40]. The presence of new peaks proves the introduction of chitosan (Figure 1a) onto the PLA fabrics through the chitosan and DBD-CS combined treatment.




3.2. XRD Analysis


In order to verify the chemical state of Ag NPs on the surface of PLA nonwoven fabrics, XRD tests were carried out on PLA nonwoven fabrics with or without surface treatment, and the results are shown in Figure 2. It can be seen from Figure 2 that compared with the XRD spectra of PLA nonwoven fabrics, the diffraction peaks of the treated samples at the positions of 2θ at 38.3°, 44.5°, 64.5°, and 77.6° are consistent with (111), (200), (220) and (311) crystal planes of cubic crystal system. The peak intensity of the DBD-CS-Ag NPs-PLA nonwoven fabrics is higher than that of CS-Ag NPs-PLA nonwoven fabrics. This fully proves that DBD plasma treatment and chitosan grafting create a synergy effect on silver ion absorption and its reduction, which is obviously better than the samples only grafted with chitosan [41].




3.3. Surface Appearance and Morphology Analysis of PLA Based Nonwoven Fabrics


After treating with Ag NPs, the whiteness of the PLA nonwoven fabrics changed. The appearance of PLA based nonwoven fabrics with or without treatment were shown in Figure 3. As shown in Figure 3a the untreated PLA nonwoven fabrics have a white appearance. Due to the optical properties of Ag NPs, when coating with Ag NPs the color of the fabric will become brown, the higher Ag NPs content, the darker of the fabric. After treating with Ag NPs, CS-Ag NPs-PLA nonwoven fabrics and DBD-CS-Ag NPs-PLA nonwoven fabrics (Figure 3b,c) turn light brown and dark brown, respectively. The results can also confirm that the surface of DBD-CS-Ag NPs-PLA nonwoven fabrics adsorbs more Ag NPs than that of CS-Ag NPs-PLA nonwoven fabrics.



The surface morphology of PLA based nonwoven fabrics was observed by FE-SEM. It can be seen from Figure 4 that the original PLA nonwoven fabrics have a smooth and clean surface, and almost no impurities are adsorbed on the surface. On the other hand, Ag NPs appeared on the surface of treated PLA nonwoven fabrics with diameter of 100 nm. The content of Ag NPs on the surface of CS-Ag NPs-PLA nonwoven fabrics is low and the distribution is uneven, whereas that of DBD-CS-Ag NPs-PLA nonwoven fabrics significantly increase and the distribution is much more uniform. This indicates that after DBD plasma treatment, silver ions are more easily absorbed from silver nitrate solution onto the surface of CS-PLA nonwoven fabrics and then in situ reduced to form Ag NPs, leading to high loading amount and uniform dispersion of Ag NPs.




3.4. Analysis of Surface Chemical Composition


In order to further clarify the loading of Ag NPs on PLA nonwoven fabrics, EDX and XPS were carried out on different samples which, respectively, reflected the changes of element types and contents on the surface of materials. The EDX and XPS spectra of the samples are shown in Figure 5 and Figure 6, respectively.



By comparing the spectra of Figure 5a–c, it can be seen that there are only two peaks of C and O in the original sample of PLA nonwoven fabrics, while there are C, O, and Ag peaks in the samples which were treated with chitosan and Ag NPs. The silver content of CS-Ag NPs-PLA nonwoven fabrics is 0.31%, while that of DBD-CS-Ag NPs-PLA nonwoven fabrics increases to 1.01%. The reason may be that a large number of active groups were introduced to the surface of the samples after plasma pretreatment, which increases the reaction activity of the sample surface and absorbs more Ag NPs on the surface.



It can be clearly seen from Figure 6 that the original PLA nonwoven fabrics only have C1s peak at 285 eV and O1s peak at 532 eV, while the treated PLA nonwoven fabrics have N1s peak at 400 eV and Ag3d peak at 368 eV and 374 eV. Moreover, the surface Ag3d peak of DBD-CS-Ag NPs-PLA nonwoven fabrics is obviously stronger than that of CS-Ag NPs-PLA nonwoven fabrics. Combined with Table 1, it can be seen that the surface of CS-Ag NPs-PLA only contains 0.41% Ag, while that of CS-Ag NPs-PLA contains 3.91% Ag. This shows that DBD plasma treatment can greatly increase the content of Ag on the surface of CS-Ag NPs-PLA nonwoven fabrics.



In addition, the Ag3d spectrum of DBD-CS-Ag NPs-PLA nonwoven fabrics is shown in Figure 7. There is a strong Ag3d peak at 368 eV, which is basically consistent with the binding energy peak of silver (368.2 eV). At the same time, the energy level difference between Ag3d3/2 and Ag3d5/2 is 6 eV, which is completely consistent with the standard binding energy of elemental silver [42,43]. This basically proves the existence of elemental silver on the surface of DBD-CS-Ag NPs-PLA nonwoven fabrics.




3.5. Antibacterial Activity


The antibacterial activity tests of treated PLA fabrics were carried out against S. aureus and E. coli. Figure 8a,b are the antibacterial effect diagram of CS-Ag NPs-PLA nonwoven fabrics against E. coli and S. aureus, while Figure 8c,d shows that of DBD-CS-Ag NPs-PLA nonwoven fabrics against E. coli and S. aureus. Generally, the larger the inhibition zone, the better the antibacterial effect of the fabric. Around the control fabric, there was a dense population of bacterial colonies which revealed no antibacterial activity. On the contrary, clear inhibition zones could be distinctly observed around treated samples, indicating that the two kinds of samples have certain antibacterial properties to E. coli and S. aureus, and the antibacterial property to S. aureus is better than E. coli. Meanwhile, as it is shown in Figure 8, the antibacterial effect of DBD-CS-Ag NPs-PLA nonwovens on E. coli and S. aureus is better than that of CS-Ag NPs-PLA nonwoven fabrics.



S. aureus and E. coli representatives were selected to determine the antibacterial activity of the treated PLA fabric and the result was shown in Table 2. After treated with chitosan, both CS treated and DBD-CS treated PLA fabrics have a certain degree of antibacterial activity. As chitosan was a biologic cationic polyelectrolyte with weak antibacterial properties, the antibacterial activity of chitosan treated PLA fabric for both the S. aureus and E. coil no more than 50%. However, the antibacterial activity of Ag NPs treated PLA fabrics shows a significant improvement. The antibacterial activity of the DBD-CS-Ag NPs-PLA nonwovens fabrics to E. coli and S. aureus can reach up to 99.99%. The improvement of the antibacterial properties of DBD-CS-Ag NPs-PLA nonwovens fabrics indicates that the DBD plasma treatment facilitates the deposition of Ag NPs on the PLA surfaces.




3.6. Mechanism of Silver Particles Absorption on PLA Nonwoven Fabrics


The possible mechanism of in-situ formation of Ag NPs on the surface of chitosan treated PLA nonwoven fabrics is shown in Figure 9, which is divided into three steps. Firstly, PLA nonwoven fabrics were treated by plasma. Non-treated PLA has bulky methyl groups, ester groups as well as methyl groups, and only few polar groups such as hydroxyl group and carboxyl group can be found in the end group. Plasma treatment can introduce more hydroxyl and carboxyl groups on the surface of PLA, which are beneficial to the chitosan grafting [36]. In the second step, the hydroxyl and carboxyl groups in PLA fabrics can interact with amino or hydroxyl groups in chitosan molecules through hydrogen bonds and covalent bond to enhance the adhesion between the PLA nonwoven fabrics surface and chitosan molecules [44]. The third step is the interaction between CS-PLA nonwoven fabrics and silver ion solution. The amino and hydroxyl groups in chitosan have a stable coordination effect on silver ions, therefore, silver ions can be easily adsorbed on the surface of the fabric [45]. At the same time, silver ions can be effectively in situ reduced to Ag NPs by the hydroxyl groups of chitosan.



Meanwhile, compared with the CS-Ag NPs-PLA nonwoven fabrics, more silver element deposited on the DBD-CS-Ag NPs-PLA nonwovens fabrics. This is due to the fact that the surface of PLA nonwoven fabrics is roughened and a large number of reactive functional groups are produced which promotes the chemical binding of chitosan macromolecules and makes chitosan evenly coated on the material surface. When it contacts with silver nitrate solution, the chitosan on the surface of PLA nonwoven fabrics will in-situ reduce silver ions to Ag NPs which effectively enhance the antibacterial property of PLA nonwoven fabrics.





4. Conclusions


In this work PLA nonwoven fabrics were grafted with chitosan after the DBD plasma treatment. Ag NPs were in situ reduced on the chitosan grafted PLA surfaces as a stabilizer and a reducing agent for improvement the antibacterial properties. SEM observation showed that the Ag NPs with 100 nm diameter were evenly distributed on the surface of PLA nonwovens. The results of EDX and XPS showed that the silver element on the surface of PLA nonwovens was significantly improved after plasma treatment combined with chitosan grafting and Ag NPs adsorption. In addition, the XRD results fully proved that the plasma treatment combined with chitosan grafting could successfully reduce silver ions to Ag NPs on the surface of PLA nonwovens. The results of antibacterial circle test exhibited that the antibacterial circle radius of DBD-CS-Ag NPs-PLA nonwovens to E. coli and S. aureus is significantly larger than that of CS-Ag NPs-PLA nonwovens, indicating that the combination of DBD plasma and chitosan grafting is more effective in improving the antibacterial property of PLA nonwovens. Moreover, the antibacterial rate of PLA nonwovens to E. coli and S. aureus increased to 99.99% after DBD plasma treatment combining with chitosan grafting and Ag NPs.
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Figure 1. FTIR spectra of (a) chitosan; (b) control PLA nonwoven fabrics; (c) DBD-CS-Ag NPs treated fabric. 
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Figure 2. XRD survey scan of PLA nonwoven fabrics: (a) control; (b) CS-Ag NPs treated; (c) DBD-CS-Ag NPs treated. 
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Figure 3. Optical photographs of PLA nonwoven fabrics: (a) original PLA (control); (b) CS-Ag NPs PLA; (c) DBD CS-Ag NPs-PLA. 
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Figure 4. SEM images of surface topography of PLA nonwoven fabrics (a) control; (b) CS-Ag NPs-PLA; (c) DBD-CS-Ag NPs-PLA. 
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Figure 5. EDX spectra of PLA nonwoven fabrics: (a) control; (b) CS-Ag NPs treated; (c) DBD-CS-Ag NPs treated. 
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Figure 6. XPS survey scan of PLA nonwoven fabrics: (a) control; (b) CS-Ag NPs treated; (c) DBD-CS-Ag NPs treated. 
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Figure 7. Ag3d XPS peak of DBD-CS-Ag NPs treated PLA nonwoven fabrics. 
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Figure 8. Photographs of inhibition zone of PLA nonwoven fabrics: (a) CS-Ag NPs treated (E. coil); (b) CS-Ag NPs treated (S. aureus); (c) DBD-CS-Ag NPs treated (E. coil); (d) DBD-CS-Ag NPs treated (S. aureus). 
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Figure 9. The possible mechanism of chitosan deposition on PLA nonwoven fabrics pretreated by plasma and the original flavor reduction of silver nanoparticles. 
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Table 1. Relative surface chemical composition determined by XPS for the control and the Ag NPs loaded PLA fabrics.
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Samples

	
Chemical Composition (%)




	
C1s

	
O1s

	
N1s

	
Ag






	
Original PLA (Control)

	
62.18

	
37.82

	
-

	
-




	
CS-Ag NPs treated

	
68.55

	
24.08

	
6.97

	
0.41




	
DBD-CS-Ag NPs treated

	
64.16

	
28.9

	
3.04

	
3.91
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Table 2. Reduction percent of bacteria according to the GB/T 20944.3-2008 standard method.
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Samples

	
Strains

	
24 h (CFU)

	
R%






	
Control

	
E. coli

	
2.1 × 104

	
-




	
S. aureus

	
1.3 × 104

	
-




	
CS treated

	
E. coli

	
1.6 × 104

	
23.8




	
S. aureus

	
0.8 × 104

	
30.7




	
DBD-CS treated

	
E. coli

	
1.2 × 104

	
42.8




	
S. aureus

	
6.6 × 103

	
49.2




	
CS-Ag NPs treated

	
E. coli

	
5.9 × 103

	
71.9




	
S. aureus

	
2.4 × 103

	
81.5




	
DBD-CS-Ag NPs treated

	
E. coli

	
<10

	
99.99




	
S. aureus

	
<10

	
99.99
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