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Abstract

:

In our study, the surface of bacterial cellulose was successively modified by copper and zinc oxide nanoparticles using direct current (DC) magnetron sputtering and radio frequency (RF) reactive sputter coating techniques. The target materials, copper and zinc, were 99.99% pure and used in the presence of argon (Ar) gas, while zinc nanoparticles were sputtered in the presence of oxygen gas to make zinc oxide nanoparticles. The as-prepared bacterial cellulose/copper/zinc oxide nanocomposite has good ultraviolet resistance, anti-static and antibacterial characteristics. The surface morphology and chemical composition of the nanocomposite were examined by X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and energy-dispersive X-ray spectroscopic (EDS) techniques. The prepared bacterial cellulose/copper/zinc oxide nanocomposite illustrates excellent ultraviolet resistance (T.UVA%; 0.16 ± 0.02, T.UVB%; 0.07 ± 0.01, ultraviolet protection factor (UPF); 1850.33 ± 2.12), antistatic behavior (S.H.P; 51.50 ± 4.10, I.E. V; 349.33 ± 6.02) and antibacterial behavior (Escherichia coli; 98.45%, Staphylococcus aureus; 98.11%). Our nanocomposite prepared by sputter coating method could be a promising and effective candidate for ultraviolet resistance, antistatic and antibacterial in term of functional, technical, medical and in many daily life applications.
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1. Introduction


In the modern age, metallic semiconductor nanocomposites are studied extensively due to their high potential for applicability in daily life [1,2,3,4,5]. Such types of nanocomposites are enriched with mechanical, physical and chemical characteristics, which enhance their applications in sensitive sensors, pharmaceutical, medical, optical, electronic gadgets and devices. Copper and zinc oxide nanoparticles are used abundantly for the formation of nanocomposites with polymers and cellulosic materials; copper has excellent electrical, optical and chemical properties, whereas zinc oxide possesses high binding energy, performs efficient photocatalysis, and has excellent thermal properties. These types of metals and metals oxide are eco-friendly, on top of being low cost with non-toxic behavior and easily available commercially [6,7,8,9,10,11,12,13,14].



Copper nanoparticles have good antibacterial and thermal characteristics; in addition, their metallic ions can restrict the activities of proteins clusters and improve the surface of the film. Additionally, because of their biodegradability and high stability, they are suitable to be used with cellulosic materials [15]. In industrial applications, a requirement of many cost-effective instruments is to control microwaves, thereby absorbing harmful radiation. Copper has gained extensive attention toward its use as a conductive material due to its low resistance characteristic in such applications. Cellulosic materials such as bacterial cellulose (BC) do not show any type of bactericidal property [16]. In order to acquire the bactericidal characteristic from bacterial cellulose, many scientists have worked on bacterial cellulose, that work encompassing several types of metals and metal oxide nanoparticles, among which Cu, CuO and ZnO conclusively exist [17,18]. Additionally, Zinc oxide has distinguished properties and has been considered for serval applications in terms of piezoelectric gadgets, semiconductors and sensors, and for antimicrobial functions [19,20]. Nowadays, researchers have more interest in using zinc oxide in the composition of nanoparticles with different approaches to regulate its structure and scope. Preparation of a nanocomposite with suitable base materials and zinc oxide nanoparticles could advance multifunctional materials, which exhibit a wide range of UV-resistance and antibacterial applications [21,22].



Human beings, as well as other living organisms, are affected by ultraviolet radiation in this universe. A decrease in environmental pollution has gained more attention, but there still needs to be a type of composite which can resist ultraviolet radiation to save the lives of all creatures [23,24]. The main cause of skin cancer is ultraviolet radiation, which is a medium of free radicals. Moreover, it is a cause of environmental degradation; and damages various pigments and materials and degrades their physical characteristics [25]. The deposition of zinc oxide nanoparticles on substrates is an excellent opportunity not only for antimicrobial characteristics but for ultraviolet radiation protection too [26]. The application of zinc oxide with other materials provides long term stability against ultraviolet radiation and improves the absorption capacity of its base material [27,28]. Besides, zinc oxide nanoparticles’ restriction capacity against ultraviolet radiations depends upon the morphological structure and size of nanoparticles [29]. Zinc oxide is a common element in many sunscreens, which converts ultraviolet radiation to infrared, yet infrared could be dangerous depending on the exposure [30].



The application of a zinc oxide nanocomposite has been studied extensively in terms of optical, electrical, optoelectronic and photochemical characteristics. The high energy surface area of zinc oxide nanocomposites presents excellent characteristics in the applications of sensing devices, color creation and antimicrobial materials [31,32,33,34].



The fabrication of metallic and metallic oxide nanoparticles on polymers and cellulosic materials has been reported with several methods and techniques, among which are hydrothermal, sol–gel, chemical deposition, photoreduction and laser deposition methods, according to applications [35,36,37,38,39]. Meanwhile, high temperatures, high pressures, costly machines, harmful elements and high process times are those factors which limit the material applications. Thus, to avoid these types of problems, a unique and fast method for the formation of a nanocomposite material is a magnetron sputter coating, which can be economically and commercially fit. The method of reactive sputter coating of ZnO nanoparticles improves the UV radiation absorbency [40]. The features of this method describe its characteristics in terms of smooth deposition of nanoparticles; high crystalline formation; preparation of conductive materials; and optical and magnetic film preparation [41,42,43].



Bacterial cellulose is a three-dimensional nanofibrils structure prepared by Acetobacter xylinum [44]. It possesses outstanding characteristics—biocompatibility, high porosity, crystallinity (63–71%), good tensile strength and increased water holding capacity [45]. Additionally, in recent years BC has gained more attention due to its excellent mechanical and physical properties as a novel substrate for porous aerogel nanocomposites [46,47,48]. The pellicles of bacterial cellulose play a major role in the medical field in terms of wound dressing, because of the protection from infection they grant, and their being suitable for drug delivery. The recent development of BC for burned wound dressing is Albeit BC, which works efficiently against bacterial infections [49].



Several studies have been done recently on bacterial cellulose, including sputter coating of copper with other metals in which copper may oxidize, and these nanocomposites are used for different purposes [50]. In specific, those studies were mainly on the compatibility of deposited nanoparticles’ characteristics for the development of printed circuit boards, electromagnetic interference (EMI) shielding, etc.



However, in our study, the copper/zinc oxide nanocomposite, apart from ultraviolet resistance characteristics, also possesses antimicrobial, antistatic and anti-oxidation characteristics, which enhance its applications in different areas according to the requirements. Moreover, copper oxidizes in an open environment; therefore, to protect it from oxidation, a zinc oxide layer was deposited on the surface of bacterial cellulose/copper. In addition, the deposition of the zinc oxide layer enhances the characteristics required of the nanocomposite.



This work deals with the surface modification of bacterial cellulose by sputter coating of copper and zinc oxide nanoparticles to make bacterial cellulose/copper/zinc oxide nanocomposite. The chemical composition and morphological structure were examined through X-ray photoelectron spectroscopy (XPS), energy dispersive X-ray spectroscopic (EDS) and X-ray diffraction (XRD) techniques. Additionally, the antibacterial characteristics of copper and zinc oxide were studied by the Escherichia coli and Staphylococcus aureus quantitative bacterial growth method. Similarly, UV-resistance and antistatic properties were studied by ultraviolet transmittance analyzer and statistic honest meter, respectively. So our study revealed that the deposition of copper and zinc oxide nanoparticles on bacterial cellulose by the magnetron sputter coating technique makes an excellent nanocomposite candidate for UV-resistance/antistatic/antibacterial characteristics.




2. Experimental Methods


2.1. Materials


The high purity (99.99%) targets copper and zinc were purchased from C.M. Technology Pvt., Ltd.(Shanghai, China). Meanwhile, glucose, mannitol, bacto-peptone and sodium hydro-oxide were used to produce the bacterial cellulose (BC) in the in-house laboratory of Jiangnan University, Wuxi, China. Similarly, the materials for the antibacterial test were soya peptone, tryptone, yeast extract and agar from S.C. Reagent Pvt., Ltd. (Shanghai, China). Sodium chloride, potassium chloride, dipotassium hydrogen phosphate and trihydrate sodium phosphate dibasic anhydrous were purchased from SCR Pvt., Ltd. (Shanghai, China). All solutions were prepared with distilled water. Chemicals were graded analytically in the in-house laboratory of Jiangnan University, Wuxi, China.




2.2. Synthesis of Bacterial Cellulose


The bacterial cellulose (BC) was prepared by a static incubation growth method of Gxylinus acetobacter with (0.6% glucose, 0.8% bacto-peptone, 2.5% yeast) Hestrin and Schramm (HS) medium dissolved in distilled water. The process was performed at 30 °C for 6–7 days to get final pellicles of bacterial cellulose. Then BC pellicles were rinsed with 0.1 M sodium hydroxide (NaOH) at 80 °C for 4 h to get a clearer form of BC. Finally, all BC pellicles were rinsed with distilled water [51].



The solution which was prepared for the synthesis of BC was transparent orange on the first day, but with the passage of time, it became turbid. The gradual formation of the BC membrane was displayed by the sixth day. It was a white gel form of bacterial cellulose pellicles [52]. The bubble formation over the surface of the flask illustrated the fibrous structure of the bacterial cellulose that gradually became tightly interlinked in the culture [53]. The formation of bacterial cellulose became slow due to the reduction of oxygen. Then, a new layer of BC fibrils started on the same bacterial cellulose pellicles, eventually reaching the uniform and compact structure presented in Figure 1A,B.




2.3. Synthesis of Copper and Zinc Oxide Nanocomposite Films


The surface bacterial cellulose was functionalized by copper and zinc oxide nanoparticles with the help of DC and RF magnetron sputter coating (JPG-450) methods, as shown in Figure 2. The procedure for deposition of nanoparticles on the bacterial cellulose surface was as followed: A high purity (99.99%) target of copper was fixed on the cathode end by 80 mm distance of the surface of the bacterial cellulose. The pressure of Ar (purity; 99.99%) gas was kept 8.0 × 10−4 Pa in the chamber. The Ar gas was stabilized at 20 sccm by panel control. The substrate moving speed was set to 90 rpm to achieve smooth deposition of copper nanoparticles on the bacterial cellulose by DC magnetron sputter coating, and the coating time was set 60 min with 50 W. Similarly, a pure (99.99%) zinc target was placed to get the zinc oxide nanoparticle layer on BC/Cu substrate by the RF magnetron sputter coating method. The vessel was vacuumed before sputtering by insertion of gas, and the pressure was fixed at 1.0 Pa. The flows of Ar and oxygen were kept to 55 sccm and 5 sccm respectively, with a 100 W power supply to carry out the sputtering process. The coating time was set to 30 min. The coating in both (DC, RF) processes was done on only one side of bacterial cellulose. After sputter coating, the final nanocomposite of bacterial cellulose, copper and zinc oxide was taken out from the chamber to measure its physical and chemical characteristics.




2.4. Characterization


The morphological structure and chemical composition of layers of copper and zinc oxide nanoparticles deposited on bacterial cellulose were examined by X-ray photoelectron spectroscopy (XPS, Escalab 250Xi, Thermo Scientific Escalab, Waltham, MA, USA), energy-dispersive X-ray spectroscopic (EDS, version, S-4800, Hitachi, Tokyo, Japan) and X-ray diffraction (XRD, Bruker AXS D8, Berlin, Germany). The range of detection for XRD analysis was set to (1–90)/2θ. Similarly, ultraviolet resistance characteristics of the copper and zinc oxide nanoparticles on the bacterial cellulose were examined by an ultraviolet transmittance analyzer (UV-1000F, Lapsphere, NH, USA). In order to follow the standard method (GB/T18830-2009) of the UV-resistance test, all samples were stored for 24 h at 20 °C with 65% humidity rate, prior to measuring the UV-resistance test. The measuring indexes T (UVA), T(UVB) and ultraviolet protection factor (UPF) were taken into account to evaluate the values, and the test was performed in triplicate to get the aggregate values. Similarly, to find out the antistatic characteristics of coated (Cu/ZnO) bacterial cellulose, the static-honest meter (YG-B 342D; China) was employed. In order to follow the procedure, all samples were placed in a standard atmosphere with a temperature of 20 °C and 35% humidity rate for 24 h. The voltage was set 13 kV, and each sample was tested in triplicate to get aggregated values.



To find out the antibacterial effects of the bacterial cellulose/copper nanocomposite, bacterial cellulose/copper/zinc oxide nanocomposite was quantitively assessed in triplicate by standard Gram-positive bacteria (S. aureus) ATCC 6538 and Gram-negative bacteria (E. coli) ATCC 22125 [54]. First of all, to determine E.coli and S. aureus bacterial growth, 400 mL phosphate-buffered saline (PBS), 200 mL lysogeny broth (LB), 200 mL Lennox agar (LA), 200 mL tryptone soya agar (TSA) and 200 mL tryptone soya broth (TSB) solutions were made and autoclaved for 4 h at 70 °C. The 200 mL solution of TSA for S. aureus (and similarly, the 200 mL solution of LA for E. coli) was equally coated on 5 graded square plates and kept it at 25 °C for 12 h. After that, triplicate samples of BC/Cu and BC/Cu/ZnO (16 mm diameter) were placed separately into head-to-head wells of 24-well plates; for a control, another 24-well dish was prepared without samples. After that, each well was filled by a 100 μL aliquot of phosphate-buffered saline (PBS). This PBS solution was comprised of 1.3 × 108 colony forming units (CFU)/mL of bacteria which were extracted by the suspension of 3 mL tryptone soya broth (TSB) and lysogen broth (LB) bacteria respectively. Subsequently, both sample and control plates were filled with 0.91 mL of sterile phosphate-buffered saline. To confirm the proper resuspension of bacteria, all dishes were actively stirred for 10 s. Then, we did a 1:10 serial dilution (100 μL in 0.9 mL aliquots of phosphate-buffered saline) of each well 5 times, and 10 μL of the undiluted well was taken while each diluted well was individually coated on graded lines of tryptone soya agar (TSA) and Lennox agar (LA) square plates. Then these plates were kept for 18 h in an incubator at 37 °C. The growth rate was calculated by the ratio of CFU/mL of the sampled dish with the ratio of the resultant control. The minimum exposure limit was 100 CFU/well (established using the coated 10 μL aliquot from the 1 mL undiluted well), and the exposure limit range of E.coli microbial growth was 2.63% for BC/Cu and 1.55% for BC/Cu/ZnO. Similarly, the exposure limit range of S. aureus microbial growth was 3.15% for BC/Cu and 1.89 % for BC/Cu/ZnO. The inhibitions were the outcomes of antibacterial compounds regarding the samples of BC/Cu and BC/Cu/ZnO, and the concentration decrease from the diluted towards the original sample solution on graded TSA and LA square plates respectively. If the concentration of potential antibacterial compound reduced from a certain value, then the microorganism growth increased; with an increased concentration of antibacterial compound, minimal growth was observed. If specific antimicrobial characteristics of sub-categoric metallics of Zn and Cu are taken into consideration, the bactericidal properties of metallic films can be linked to their abilities to ionize in a given environment. The standard potentials of ionization are 0.76 V and 0.52 V for zinc and copper, regarding the development of monovalent ions; and for divalent ions: +0.34 V. Therefore, the composition of copper and zinc oxide nanoparticles on the surface of bacterial cellulose shows that BC/Cu/ZnO composite has a good antibacterial property and can be used as an antibacterial candidate.





3. Results and Discussion


3.1. XPS Analysis


XPS test was employed to find out the surface morphology and chemical composition of bacterial cellulose/copper/zinc oxide nanocomposite. It was also to confirm the oxidation of the copper nanoparticle film deposited in a highly pressurized oxygen environment over the surface of bacteria cellulose by magnetron sputter coating and the formation of protective zinc oxide nanoparticles layer over BC/Copper substrate [55].



Figure 3a illustrates the full spectrum of Cu2p peaks, the O1s peak and the C1s peak for the nanocomposite sample of bacterial cellulose/copper. C1s peak mainly represents the fibrous structure of the sample. In addition, the peak of C1s originally shows carbon from the bacterial cellulose, which confirms the oxidation of copper in spectra [56]. O1s represent that copper was oxidized from the ambient atmosphere, in which a possible reason may also be a residue of oxygen in Ar or O2 valves in a sputter coating machine [57]. A combination of copper and oxygen may produce a different form of Cu2O3, Cu2O, CuO and others. In Figure 3b,c the peaks corresponding to Cu+ (932.07 and 952.03 eV) and Cu2+ (934.08, 943.83, 954.08 and 962.23 eV) with O1s (531.13 eV) illustrate the exitance of copper with high oxidizing states and confirm the oxidation over the surface of sample [58].



In high resolution XPS spectra according to Figure 4, the peaks attributed to Cu2p, O1s and Zn2p are illustrate the composition of the bacterial cellulose/copper/zinc oxide nanocomposite. All peaks in Figure 4a describe the elements zinc, copper, oxygen and carbon, and no obvious peak is found regarding other elements. In Figure 4c, the distinctive peaks of copper can be seen very clearly at 931.8 and 951.4 eV, which correspond to Cu2p3/2 and Cu2p1/2 of Cu+. That shows that copper is found in oxide form; that is perhaps due to the introduction of oxygen during the RF sputter coating method [59].



In Figure 4a, the peaks Zn2p1/2, Zn2p3/2, Zn3s, Zn3p, Zn3d and Zn(LLM) represent the presence of zinc elements, in which Zn2p peaks reveals the strongest characteristic peaks value. In addition, Zn2p1/2 peaks, Zn2p3/2 peaks and O1s peaks correspond to 1045.13, 1022.13 (Figure 4b) and 530.63 eV (Figure 4d) respectively, which proves that in the nanocomposite sample, zinc is found in the form of zinc oxide [60].



According to the comparison of Figure 3 and Figure 4, it can be easily observed that spectral peak areas of bacterial cellulose/copper nanocomposite are higher than for the bacterial cellulose/copper/zinc oxide nanocomposite, which confirms that the copper layer is fully covered by the protective layer of zinc oxide.




3.2. EDS Analysis


Energy-dispersive X-ray spectroscopy (EDS) was employed to determine the elemental composition and mapping. The distribution of elements in bacterial cellulose/copper nanocomposite and bacterial cellulose/copper/zinc oxide nanocomposite were observed by FE-SEM (S-4800, Hitachi, Japan). From Figure 5a,b, it can be observed that the surface of bacterial cellulose is successively modified by copper nanoparticles with the help of DC magnetron sputter coating technique. The element mapping of copper, carbon and oxygen on the surface of bacterial cellulose can also be seen from Figure 5c–f, whereas Figure 5g describes the distinguished peaks of elements and shows the presence of elements in a uniform pattern [15].



Similarly, in Figure 6a it can be observed that bacterial cellulose is first modified by copper nanoparticles with the help of DC magnetron sputter coating and then zinc oxide nanoparticles using RF reactive sputter coating technique. Figure 6a–f describes the carbon, oxygen, copper and zinc element mapping over the surface of bacterial cellulose, while Figure 6g describes the peaks of elements and shows the presence of elements with a unique pattern [15,61]. The most important thing that is observed in both Figure 5g and Figure 6g is a peak of oxygen in the EDS spectra, which confirms that copper and zinc are found in their oxidized forms in both nanocomposites.



In addition, in the sample of bacterial cellulose/copper the mapping of carbon illustrates that the carbon peak comes from the source of pure bacterial cellulose, which confirms the oxidation of copper [56]. In contrast, in the sample of bacterial cellulose/copper/zinc oxide, the peak of carbon represents that carbon is overlapped with oxygen, copper and zinc, demonstrating the uniform distribution of zinc, oxygen and copper elements in the carbon matrix [62,63].



Table 1 reveals the atomic percentages of elements within the two different nanocomposites. The atomic contents in bacterial cellulose/copper nanocomposite are: carbon (17.64%), oxygen (14.08%) and copper (68.28%). In addition, the atomic contents in bacterial cellulose/copper/zinc oxide nanocomposite are: carbon (16.44%), oxygen (38.87%), copper (1.22%) and zinc (43.47%). It can be clearly observed that carbon content originally came from the bacterial cellulose did not change significantly. However, the atomic content ratio of oxygen and zinc in bacterial cellulose/copper/zinc oxide nanocomposite is 2:3, while the copper content value is only 1.22%, which demonstrates that the copper surface is successively protected by a zinc oxide layer in this nanocomposite.




3.3. XRD Analysis


Figure 7 illustrates the XRD patterns of pure bacterial cellulose, bacterial cellulose/copper nanocomposite and bacterial cellulose/copper/zinc oxide nanocomposite. Figure 7a illustrates the sample of pure bacterial cellulose with distinguished peaks at 14.6°, 16.9° and 22.8°, which correspond to crystallographic plane values (100), (010) and (110) respectively [64,65]. Similarly, in Figure 7b, it can be seen that the peak at 36.90° and 43.7° correspond to (002) and (220) plane reflection values of copper oxide and copper respectively in the sample of bacterial cellulose/copper nanocomposite [66].



Further, it can also be observed that the peak of copper in bacterial cellulose/copper nanocomposite sample is narrow and pointed, which shows that it has a high degree of crystallinity, while other peaks are similar to those of pure bacterial cellulose. Moreover, Figure 7c is describing the distinguished peaks of bacterial cellulose coated with copper and zinc oxide nanoparticles. The diffraction peaks at 32.6° and 35° correspond to (100) and (002) planes values of bacterial cellulose/copper/zinc oxide nanocomposite, while the other peaks are similar to Figure 7a,b the bacterial cellulose/copper sample [67].



It can also be seen from Figure 7b,c that bacterial cellulose with the copper nanoparticle sputter coating shows the higher intensity of crystallinity. In contrast, bacterial cellulose with zinc oxide nanoparticle sputter coating shows very low peak values of crystallinity because of the RF sputter coating of zinc oxide on the copper layer. Thus, it clearly shows that the copper layer is completely covered by zinc oxide nanoparticles, which provide protection to the copper layer from further oxidation.




3.4. Antistatic Analysis


The antistatic properties of bacterial cellulose/copper and bacterial cellulose/copper/zinc oxide nanocomposites were determined by the static honest meter (YG-B 342D; Shanghai, China), and values in Table 2 illustrate their antistatic characteristics. If the static half period values increase, it means the material has higher antistatic properties, while instantaneous electrostatic voltage works oppositely in terms of values. According Table 2, the comparison between bacterial cellulose/copper nanocomposite and bacterial cellulose/copper/zinc oxide nanocomposite shows that BC/Copper has sufficient antistatic properties, but BC/Copper/Zinc oxide has excellent antistatic properties in terms of average values of static half period and instantaneous electrostatic voltage. In addition, the results from our previous work are also presented in Table 2 to give a comparison between these materials, which shows that bacterial cellulose/copper and bacterial cellulose/copper/zinc oxide nanocomposites could also be good candidates for antistatic materials.




3.5. Ultraviolet Resistance Analysis


The ultraviolet resistance properties of bacterial cellulose/copper and bacterial- cellulose/copper/zinc oxide nanocomposites were determined by the ultraviolet transmittance analyzer (UV-1000F, Lapsphere, NH, USA). The results in Table 3 are describing the UV-resistance characteristics of different nanocomposites. Ultraviolet resistance characteristics depend on the percentage values of T (UVA) and T (UVB) and the UPF value. If material indicates the lower percentage value of T (UVA) and T (UVB), it means that the material has good ultraviolet resistance properties, while the higher identical value of ultraviolet protection factor (UPF) represents the material has enhanced toward excellent ultraviolet resistance characteristics. In Table 3, the comparison values of our targets, bacterial cellulose/copper and bacterial cellulose/copper/zinc oxide nanocomposites clearly show that the addition of zinc oxide nanoparticles on bacterial cellulose/copper surface enhances its ultraviolet resistance property. This may occur because of the addition of the zinc oxide layer, that not only increases the thickness of material but also protects further from oxidation and ultraviolet radiation according to results given in Table 3.



In summary, literature values of our previous work are also reported here to present a comparison between these materials, which shows that bacterial cellulose/copper and bacterial cellulose/copper/zinc oxide nanocomposites possess good ultraviolet resistance characteristics, and can be used in the application of ultraviolet-resistive materials.




3.6. Antibacterial Analysis


The antibacterial properties of bacterial cellulose/copper and bacterial cellulose/copper/zinc oxide nanocomposites and pure bacterial cellulose were examined by the culture count method of E. coli and S. aureus bacterial growth. The antibacterial characteristics of a material depend upon the ascending and descending growth rate of microbial activity; i.e., if the growth rate is low, the material has an excellent antibacterial property, and vice versa. In addition, this growth rate is calculated by the following equation.


  G .  R   %  =  [    A − B  A   ]  × 100  



(1)




where G.R = growth rate, A = number of bacterial colonies from a controlled sample and B = number of bacterial colonies from prepared nanocomposite material.



The Table 4 clearly illustrates that the addition of copper and zinc oxide on bacterial cellulose enhances its antibacterial characteristics; moreover, with the comparison of different samples from previous literature, it also shows that these new nanocomposites have significant values of antibacterial activity. In addition, it was observed that the growth rate of E. coli bacteria was very low compared to S. aureus in terms of both bacterial cellulose/copper and bacterial cellulose/copper/zinc oxide nanocomposites. However, pure bacterial cellulose shows no special antibacterial characteristics. The values of the E. coli bacterial growth rate for bacterial cellulose/copper and bacterial cellulose/copper/zinc oxide nanocomposite demonstrate 97.37% and 98.45% antibacterial activity, respectively. Similarly, the values against S. aureus bacterial growth represent that bacterial cellulose/copper and bacterial cellulose/copper/zinc oxide nanocomposites show 96.85% and 98.11% antibacterial activity, respectively. The difference between E. coli and S. aureus bacterial growth rates for high and low antibacterial characteristics could be due to the morphological structure of the bacterial cell wall. In addition, the difference represents the fact that S. aureus has a thick peptidoglycan layer in the outer membrane compared to E. coli, which may cause a reduction in the mass diffusion of nanoparticles into S. aureus bacteria; that could be a possible reflection of low antibacterial characteristics of the nanocomposite against S. aureus. Conclusively, both bacterial cellulose/copper and bacterial cellulose/copper/zinc oxide nanocomposites have good antibacterial properties and should be antibacterial candidates for many applications in daily life.





4. Conclusions


In conclusion, we successively fabricated copper and zinc oxide nanoparticles on bacterial cellulose using direct current (DC) magnetron and radio frequency (RF) reactive sputter coating methods to make a bacterial cellulose/copper/zinc oxide nanocomposite. The target copper and zinc were 99.99% pure during the sputter coating; copper nanoparticles were sputtered for 60 min and zinc nanoparticles were sputtered for 30 min in the presence of argon gas. In the case of zinc nanoparticle sputter coating, oxygen was pumped to make the layer of zinc oxide nanoparticles. Conclusively, our study by XPS, XRD and EDS reveals that the outer layer of zinc oxide on copper with bacterial cellulose not only provides protection from oxidation for copper but also enhances the ultraviolet resistance, and antistatic and antibacterial properties of this nanocomposite. Meanwhile, this novel bacterial cellulose/copper/zinc oxide nanocomposite shows the best values of UV-resistance (T.VUA%; 0.16 ± 0.02, T.VUB%; 0.07 ± 0.01, UPF; 1850.33 ± 2.12), antistatic activity (S.H. P; 51.50 ± 4.10, I.E. V; 349.33 ± 6.02) and antibacterial activity (E. coli; 98.45% and S. aureus; 98.11%), which show that this green nanocomposite material can be effectively used functionally, technically, medically and in many daily life applications.
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Figure 1. The synthesis of pure bacterial cellulose: (A) photographic presentation of six days (a: 1, b: 2, c: 3, d: 4, e: 5, f: 6) of bacterial cellulose cultivation; (B) schematic representation of pure bacterial cellulose cultivation in order to follow days 1–6. 
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Figure 2. The process of the formation of copper and zinc oxide nanoparticles over the surface of pure bacterial cellulose by (DC and RF) magnetron sputter coating method. 
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Figure 3. XPS peak representations of bacterial cellulose/copper nanocomposite: (a) XPS full spectrum; (b) copper peaks; (c) oxygen peak. 
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Figure 4. XPS peak representations of bacterial cellulose/copper/zinc oxide nanocomposite: (a) XPS full spectrum; (b) zinc peaks; (c) copper peaks; (d) oxygen peak. 
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Figure 5. Elemental distribution in bacterial cellulose/copper nanocomposite; EDS-SEM (a–f) representation of element mapping; (g) distinguished peaks of elements. 
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Figure 6. Element distributions in bacterial cellulose/copper/zinc oxide nanocomposite; EDS-SEM (a–f) representation of element mapping; (g) distinguished peaks of elements. 






Figure 6. Element distributions in bacterial cellulose/copper/zinc oxide nanocomposite; EDS-SEM (a–f) representation of element mapping; (g) distinguished peaks of elements.



[image: Coatings 10 00364 g006]







[image: Coatings 10 00364 g007 550] 





Figure 7. The X-ray diffraction (XRD) representations of three samples: (a) bacterial cellulose; (b) bacterial cellulose/copper nanocomposite; (c) bacterial cellulose/copper/zinc oxide nanocomposite. 
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Table 1. Atomic content percentages of different elements in nanocomposites.
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Samples

	
Atomic Content % of Elements

	




	
Carbon

	
Oxygen

	
Copper

	
Zinc






	
Bacterial Cellulose/Copper

	
17.64

	
14.08

	
68.28

	




	
Bacterial Cellulose/Copper/Zinc Oxide

	
16.44

	
38.87

	
1.22

	
43.47
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Table 2. Comparison of different nanocomposite materials in terms of antistatic characteristics.
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Nanocomposite Materials

	
Static Half Period/s

	
Instantaneous Electrostatic Voltage/V

	
Reference






	
Polyester fabric/Ag

	
0.51 ± 0.23

	
188 ± 9.83

	
[56]




	
Polyester fabric/Ag2O

	
4.658 ± 0.39

	
380 ± 8.94




	
Polyester fabric/Ag/ZnO

	
70.34 ± 10.42

	
565 ± 5.48




	
Polyester fabric/Ag2O/ZnO

	
25.83 ± 3.58

	
315 ± 5.48




	
Bacterial Cellulose/Copper

	
3.386 ± 0.56

	
259.66 ± 5.50

	
This work




	
Bacterial Cellulose/Copper/Zinc Oxide

	
51.50 ± 4.10

	
349.3 ± 6.02
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Table 3. Comparison of different nanocomposite materials in terms of ultraviolet resistance characteristics.
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Nanocomposite Materials

	
T(UVA)/%

	
T(UVB)/%

	
UPF

	
Reference






	
Polyester fabric/Ag

	
3.52 ± 0.02

	
2.69 ± 0.05

	
35.26 ± 0.61

	
[56]




	
Polyester fabric/Ag2O

	
4.36 ± 0.43

	
3.67 ± 0.18

	
26.70 ± 1.64




	
Polyester fabric/Ag/ZnO

	
3.94 ± 0.07

	
3.55 ± 0.14

	
27.68 ± 1.21




	
Polyester fabric/Ag2O/ZnO

	
3.86 ± 0.24

	
3.21 ± 0.01

	
30.37 ± 0.20




	
Bacterial Cellulose/Copper

	
0.22 ± 0.01

	
0.12 ± 0.02

	
918.27 ± 1.90

	
This work




	
Bacterial Cellulose/Copper/Zinc Oxide

	
0.16 ± 0.02

	
0.07 ± 0.01

	
1850.33 ± 2.12
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Table 4. Different nanocomposite materials’ antibacterial characteristics in terms of Escherichia coli and Staphylococcus aureus bacterial growth.
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Samples

	
Bacterial Growth (%)

	




	
E. Coli

(ATCC 22125)

	
S. aureus

(ATCC 6538)

	
Reference






	
FPEI-A

	
5.99

	
7.89

	
[61]




	
FPEI-AZ

	
5.45

	
6.86




	
FPEI-AZC

	
4.9

	
5.83




	
PMC-A

	
2.49

	
1.85




	
PMC-AZ

	
2.22

	
1.84




	
PMC-AZC

	
1.95

	
1.83




	
Pure Bacterial Cellulose

	
100

	
100

	
This work




	
Bacterial Cellulose/Copper

	
2.63

	
3.15




	
Bacterial Cellulose/Copper/Zinc Oxide

	
1.55

	
1.89
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