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Abstract

:

We report here the synthesis of uniform nanospheres-like silver nanoparticles (Ag NPs, 5–10 nm) and the dumbbell-like Fe3O4-Ag hybrid nanoparticles (FeAg NPs, 8–16 nm) by the use of a seeding growth method in the presence of oleic acid (OA)/oleylamine (OLA) as surfactants. The antibacterial activity of pure nanoparticles and nanocomposites by monitoring the bacterial lag–log growth has been investigated. The electron transfer from Ag NPs to Fe3O4 NPs which enhances the biological of silver nanoparticles has been proven by nanoscale Raman spectroscopy. The lamellae structure in the spherulite of FeAg NPs/High Density Polyethylene (HDPE) nanocomposites seems to play the key role in the antibacterial activity of nanocomposites, which has been proven by nanoscale AFM-IR. An atomic force microscopy coupled with nanoscale infrared microscopy (AFM-IR) is used to highlight the distribution of nanoparticles on the surface of nanocomposite at the nanoscale. The presence of FeAg NPs in PE nanocomposites has a better antibacterial activity than that reinforced by Ag NPs due to the faster Ag+ release rate from the Fe3O4-Ag hybrid nanoparticles and the ionization of Ag NPs in hybrid nanostructure.
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1. Introduction


The transmission of infectious diseases by bacteria in airports, hospitals and other public places has been increasing in the last few decades [1]. The development of self-sterilizing polymers [2,3] able to inactivate bacteria is crucial. E. coli has been reported to lead to food poisoning [4,5]. Silver nanoparticles are reported to be effective biocidal agents against various bacteria [6,7,8,9,10]. The recent report approved that the antibacterial activity comes from silver ions (Ag+), not from metallic Ag [6]. Different components are combined with silver to yield a nanoentity with desired properties not afforded by their counterparts. For example, a combination of Ferrite and silver is expected to enhance antibacterial activity due to the electron transfer between these two metals and thus enhances the release of silver ions, the main defense against the inactivation of bacteria and virus. The magnetic properties of ferrite lead to the formation of superparamagnetic composites which are useful in carcinoembryonic antigen in clinical immunoassay [11] and water treatment due to their enable easy separation from solution [12].



The biological activity of silver can be enhanced in combination with other transition metals such as nano-silver-ferrite composite [13]. The highest antibacterial effect of 99.4% was achieved at 5.4 wt. % of NPs and the driving frequency of 100 rpm [14]. A time-dependent antibacterial effect in 0.1 wt. % of Ag/Fe3O4 was also observed which indicated that the use of specific rotating magnetic fields to manipulate Ag/Fe3O4 magnetic NPs can significantly improve the antibacterial efficacy against E Coli and that the highest antibacterial effect can be achieved to 99.4% [14]. The antibacterial silk from Fe3O4-Ag with high antibacterial activities against both Escherichia coli and Staphylococcus aureus been also synthesized [15]. The author confirmed that the as prepared antibacterial silks can be easily recycled without a decrease in their antibacterial activities due to the synergistic effects between the Ag NPs and Fe3O4 NPs with large amounts of active sites [15]. Depending on synthesis conditions, various morphologies of hybrid nanoparticles can be achieved [16,17,18].



Polyethylene is one of the most common types of polyolefin and remains the most consumed polymer in the world due to its interesting good mechanical properties, its stability and its low cost [16,19,20,21,22,23,24]. The addition of additive brings this polymer various new properties depending on end-end applications [25,26,27]. Polyethylene (PE) is a lightweight, durable thermoplastic with a variable crystalline structure. It is one of the most widely produced plastics in the world [28]. Their application can be found in various files such as films, tubes, plastic parts, laminates, packaging, automotive, electrical. Here, the main goal of this paper is to prepare hybrid silver nanoparticles with high antibacterial activity and the incorporated them in the polyethylene matrix and investigate their antibacterial activity. Some recent pointed techniques such as atomic force microscopy coupled with nanoscale infrared (AFM-IR) and nanoscale Raman (AFM-Raman) will be used for better understanding the release behavior on the composite surfaces and proposing possible mechanisms for the enhancement of the antibacterial activity.



The atomic force microscope (AFM) has been widely used for the study of nanocomposites and polymeric materials with nanoscale spatial resolution [29,30,31,32,33,34,35,36]. AFM-IR allows surface mapping with a resolution of several tens of nanometers. The main limitation of AFM-IR concerns the laser source near the infrared (900–4000 cm−1) region. Detection of the bonding signals between polymer and metals appearing below 900 cm−1 cannot be detected. The nano-Raman can overcome these drawbacks. AFM-Raman combines confocal Raman spectroscopy and imaging providing specific chemical information on the nano-materials with a sub-micron spatial resolution [37,38,39,40].



We show in this study that AFM-IR and AFM-Raman can be used to investigate the nanoscale structure and the electron transfer in hybrid nanoparticles. The detailed microstructure of FeAg NP and HDPE nanocomposites containing Fe3O4-Ag hybrid nanoparticles is addressed in this study. The release mechanism was investigated when these nanoparticles were incorporated in PE. The effect of these nanoparticles on the lamellae structure of PE was also worked out in the course of this study.




2. Materials and Methods


2.1. Chemicals


Iron(III) acetylacetonate (Fe(acac)3) 99.99%; silver nitrate (AgNO3) 99%; sodium borohydride (NaBH4) 99% and sodium stearate 99%; solvents: 1-octadecene, di-chlorobenezene (DCB, 99%), absolute ethanol and hexane; surfactants and reductant: oleic acid (OA) 99%, oleylamine (OLA) 70%, 1,2 n-hexadecanediol (HDD) 90%, polyvinylpyrrolidone (PVP) were purchased from Sigma-Aldrich (Missouri, MO, USA). High Density Polyethylene (HDPE) granules were purchased from IRPC Public Company (grade G2855, Polimaxx Polene, Rayong, Thailand).




2.2. Synthesis of Nanoparticles


AgNPs were prepared by the reduction of silver nitrate using sodium borohydride in the presence of PVP in distilled water. A 20 mL volume of 5 mM silver nitrate was added dropwise to 200 mM of PVP (at 0.1 wt. %), then 50 mL of 10 mM chilled sodium borohydride solution was added drop-wise into the above mixture. The reaction mixture was stirred vigorously during 30 min by using a magnetic stirring plate and sonicated for another 30 min. Afterwards, the Ag NPs was extracted with 100 mL xylene at 50 °C.



Synthesis of Fe3O4 nanoparticles: the Fe3O4 nanoparticles (Fe3O4 NPs) were prepared by pouring cetylacetonate (0.162 g, 0.63 mM), Fe (III) acetylacetonate (0.6 g, 1.9 mM) and hexadecanediol (0.58 g, 1.5 mM) into a 100 mL three-neck flask. At the same time, 3.6 mL OA, 3.6 mL OLA and 30 mL 1-octadecene were added into the above mixture. The concentrations of Fe(acac)3, OA, OLA, and HDD in the solution were equal to 63, 372, 372 and 75 mM, respectively. The reaction mixture was stirred and degassed at room temperature for 30 min before being heated to 100 °C, and kept at this temperature for 30 min to remove water. The temperature was increased to 200 °C, and maintained for 30 min. Then, the reaction solution was heated further to 295 °C at a heating rate of 5–7 °C/min and maintained for 30 min before cooling to room temperature. The Fe3O4 NPs were then purified from the excess ligands before the synthesis of Fe3O4-Ag as follows: 20 mL of the Fe3O4 NPs solution was mixed with 20 mL of ethanol. The Fe3O4 NPs were then collected using a magnetic bar and the supernatant was discarded. The Fe3O4 NPs were thereafter dispersed in 5 mL hexane and precipitated by adding 5 mL of ethanol. The precipitation/re-dispersion procedure was repeated two more times and the Fe3O4 NPs were finally dispersed in DCB.



Synthesis of Fe3O4-Ag hybrid nanoparticles: The seeding growth method was used to prepare Fe3O4-Ag NPs. About 5 mL of DCB solution containing 500 mg AgNO3 and 3 mL OLA was added drop-wise into 20 mL DCB containing 100 mg purified Fe3O4 NPs (at 170 °C). The mixture was maintained at this temperature for 60 min before cooling to room temperature.




2.3. Preparation of Nanocomposites


The master batch of HDPE nanocomposites containing a high concentration of nanoparticles (2 wt. %) was prepared by the mixing method. PE granules were dissolved in toluene (5 wt. %, stirring at 85 °C). The nanoparticles were then added to this solution following a sonication during 1h. Toluene was then removed at 110 °C under vacuum. To fabricate the final HDPE nanocomposite sheets, the above as-prepared master batch was mixed with HDPE granules, and then blended in an internal HAAKE mixer at 50 rpm and 170 °C for 8 min to extrude the final HDPE nanocomposites containing 0.1 wt. % of Ag NPs.



To characterize the polymer nanostructure, a solution of 20 mg/mL was added in 1,2 dichlorobenzene and stirred during 24 h, then heated up to 90 °C in the dark before casting it over Si-wafer or gold substrates. Polymer films were dried under vacuum at 60 °C for 2 h to ensure complete removal of residual solvent. The polymer film was then melted at 180 °C during 3 min to ensure transformation to crystalline crystals and subsequently quenched to the selected crystallization temperature at a cooling rate of 100 °C/min.




2.4. AFM-IR


The AFM-IR measurements were carried on a Nano-IR2 system (Anasys Instruments, Santa Barbara, CA, USA). The AFM images were recorded in contact mode at a rate line 0.1–1 Hz using a gold-plated silicon nitride probe (Anasys Instruments, Santa Barbara, CA, USA) with an elastic constant of about 0.5 N·m−1 and a nominal radius of 10 nm. The nanoscale IR spectra were collected directly on the single fiber surface, deposited on double-side adhesive tape within the 900–3600 cm−1 range at a spectral resolution of 4 cm−1, 256 co-averages. The single IR radiation image is recorded with a scan rate of 0.1 Hz, resolution 1024 × 1024 pixels and 16 co-averages, at a power limit within 0.5%–4% at a frequency of 196 Hz. All measurements were carried out at room temperature in a room provided with a humidity controller (about 20% RH). This precludes the effect of water absorption on the sample surface during the analyzing. The nano-IR devices were located in an anti-vibration system.




2.5. AFM-Raman


The Raman spectra and AFM images were recorded on a Witec Alpha300 RSA unit equipped with an AFM & SNOM Confocal Raman Microscope. The AFM images were recorded in contact mode with a rate of 0.3 Hz using an AFM tip TESPA (Brucker, Camarillo, CA, USA). For nano-Raman spectra measurements, the integration time was about 1 s with 10 scans at a spectral resolution of 1 cm−1 and laser wavelength of 532 nm. The laser power was set at 15 mW to avoid sample burning.




2.6. UV-Vis Analysis


An UV–Vis spectrophotometer, model CINTRA 4040 (GBC, Hampshire, Durham, NH, USA) with 2 nm slit width was used to monitor the absorbance of the chromophores and the electron transfer in the nanocomposites. The particle size distribution was measured using a Zetasizer instrument (6.20 version, Malvern, UK).




2.7. Antibacterial Growth Test


E. coli DH5α bacteria were purchased from Invitrogen (Carlsbad, CA, USA). Luria-Broth medium was provided by Merck (Darmstadt, Germany). To evaluate the cell density, a Beckman Coulter DU-730 (Fullerton, CA, USA) was used. In this test, the optical density OD600 measures the light absorbance of the E. coli sample. Different cell strains may have different cell numbers at a given OD600 value, but OD600 = 1 usually means that there are about 1 × 109 cells per ml culture. Bacterial pre-cultures were prepared to generate subcultures of bacterial in the lag phase so that the number of bacterial cells was constant before the log phase or exponential growth phase. In this way, the growth rate of the bacteria on the nanocomposites was evaluated. The OD600 values in the range 0.1–2.0 for cell densities of E. coli culture indicated the bacterial growth rates.



A volume of 100 µL of stock culture of E. coli in glycerol was pipetted into 3 mL of medium in a 15 mL test tube and shaken overnight at 200 rpm and 37 °C. Afterward, a 500 µL aliquot of pre-culture was inoculated into 100 mL of medium in a 500 mL Erlenmeyer flask and shaken at 200 rpm and 37 °C until the OD600 absorbance value reached 0.3. These pre-cultures were used to account for the bacterial growth rate.



The as-prepared nanocomposites were cut into 10 × 10 mm square samples and then washed with acetone to remove all impurities on the sample surface and autoclaved at 130 °C for 20 min before every test.



The monitoring test for the evaluation of the bacterial growth was adapted from procedures described in the ASTM E 2149-10 standard. Ten square samples of autoclaved nanocomposites were placed into each 100 mL bacterial pre-culture in a 500 mL Erlenmeyer flask (as described previously) in which the OD600 had reached 0.3 and shaking was continued at 200 rpm at 37 °C. Then, the OD600 values of the bacterial cultures were monitored every 30 min until OD reached 2.0. The reported data was the average of three cultures. The relative OD600 values were then standardized to evaluate the effect of the nanocomposites on the growth rate of the bacteria. The pure bacterial cultures were used as controls.





3. Results and Discussion


3.1. Characterization of Nanoparticles


Figure 1 shows the transmission electron microscopy (TEM) images of Fe3O4 NPs (Figure 1a), FeAg NPs (Figure 1c) dispersed in an organic solvent (DCB). Figure 1a shows the uniform particle distribution with a diameter of 6–8 nm. Figure 1c shows that hybrid FeAg NPs with a uniform dumbbell-like structure: the bigger nanoparticles are Ag NPs and the smaller ones are Fe3O4 NPs. It has to be noted that the synthesis process of hybrid nanoparticles was optimized to obtain the reported sizes of the hybrid nanoparticles.



The Fe3O4 NPs were synthesized and used as the seeding components before hybridization with Ag NPs; the average size of Fe3O4 NPs (about 6–8 nm) was not affected during the hybridization process with Ag NPs. Bigger sizes of Ag NPs with an average about 15–16 nm were expected. During the breeding processes both the temperature (170 °C) and an Ag-salt concentration were 10 times higher than the volume of Fe3O4 nanoparticles. The synthesis of dumbell Ag-Fe3O4 hybrid systems with an Ag NPs size of about of 15–16 nm may be used as a template to fabricate Au (hollow)-Fe3O4 in which a plasmon-resonance peak in the near infrared region could be of interest for novel optical imaging applications.



UV-Vis spectra of OL/OLA coated Fe3O4 NPs, Ag NPs and FeAg NPs were carried out and the results are shown in Figure 2. A broad absorption band in the region of 300–600 nm for Fe3O4 NPs was observed [41], the shoulder at ~360.8 nm was due to nanosized Fe3O4 NPs [42]. The band around 400 nm is characteristic for the surface Plasmon resonance (SPR) peak of Ag NPs [43].



The hybridization of Ag NPs and Fe3O4 NPs leads to a red shift in the SPR spectra and a significant broadening of the SPR peak. Ag NPs, SPR peak is located at 398.5 nm, and at 415.5 nm for the Fe3O4-Ag hybrids. This red shift is assigned to the electron transfer between both samples, leading to a depletion of the free electron density in the surface layer due to the increase of π back bonding with the ligand [44,45]. In contrast, the presence of electron donors induces a blue-shift of SPR [46,47]. The contribution of Fe3O4 NPs nanoparticles gives raise to a band at ~360 nm. The peak at 617.8 nm could be assigned to the hybridization of Ag NPs and Fe3O4 NPs.




3.2. Antibacterial Behavior of HDPE Nanocomposites


Figure 3 shows the effect of the PE/Ag NPs and PE/FAg NPs nanocomposites on the growth rate of E. coli liquid cultures. It shows that the growth rates of the pure cultures and mixed cultures with PE slow down after 4 h of cultivation. The log phases of the pure cultures and mixed cultures with neat PE are about 93% after 1h cultivation, whereas they are 85% in the case of mixed cultures with PE/Ag NPs. Thus, the E. coli bacterial growth is inhibited by the presence of PE/Ag NPs nanocomposites. PE/FeAg NP growth rates of the culture were 81% after 4 h. The presence of FeAg NPs in the PE matrix exhibits a higher antibacterial activity, as compared to the Ag NPs. The FeAg NPs had showed a higher bactericidal activity against staphylococcus aureus bacteria compared to Ag NPs 28 due to: (i) a high catalytic activity of Ag NPs dispersion and stability due to the Fe3O4 carrier, and (ii) a large surface contact area between the bacterial cell membrane and the hybrid nanoparticles.



Since the average size of Ag NPs in FeAg NPs was bigger than that of Ag NPs, the above findings may be due to the faster Ag+ release rate from the Fe3O4-Ag hybrid nanoparticles. It was suggested that the ionization of Ag NPs in hybrid nanostructure was accelerated by Fe3+ ions. It has been reported that the addition of Ag and Fe3+ enhances the bio-leaching efficiency of the As-bearing gold ore and the electron transfer from Ag-core to the FeCo shell in 15 nm hybrid nanoparticles, which are proven by XPS results [48].



It is widely accepted that nano-silver interacts with bacterial membranes and causes cell wall disruption [49,50]. The Ag NPs absorbed on the outer bacteria membrane surface penetrates into the cytoplasm and inhibits cell replication [51]. The Ag NPs simultaneously induce apoptosis and inhibit DNA synthesis due to the silver ions (Ag+) [52]. Oxidation/reduction of silver ions and Fe+ promoting the release of silver ions to kill bacteria would proceed. In a reversible process, the concentration of silver ions remained stable in hybrid nanoparticles, showing a higher antibacterial activity compared to Ag NPs. Based on the results mentioned above, we suggest a novel mechanism of the inactivation of bacteria by FeAg NPs hybrids. The Ag+ would intervene in a reversible electron transfer to Fe3+ (Figure 4).




3.3. Nanoscale Architecture of PE /FeAg NPs Nanocomposites


Figure 5 shows the morphology of the HDPE/FeAg NPs of neat HDPE and HDPE/FeAg NPs nanocomposites. The nanocomposites present a very different structure compared to that of neat PE in which the HDPE exhibits banded spherulites with sizes from 10–20 µm. The formation of ring-banded spherulites of semi-crystalline polymers is well known. The concerted twisting of the crystallographic orientation takes place during lamella growth under effect of surface stress but the arrangement of lamella in the banded spherulites is still an open question. It has been suggested that lamella stacks were continuously twisted up and down to create ridge and valley banded spherulites, respectively. The valley areas are basically composed by plat-on lamella while the edge-on lamellas are present in ridge areas. However, this band structure is not observed in the case of HDPE/FeAg NPs nanocomposites. This can be attributed to nanoparticles acting as a nucleation agent for the crystallization at an early stage of the crystallization. This can explain why the nanocomposites possess a higher spherulite density with smaller sizes compared to those of neat HDPE. It is interesting that the HDPE/FeAg NPs structure of spherulites was mainly composed by edge on lamella with a growth direction perpendicular to the substrate. This structure gives a more suitable configuration for the release of nanoparticles during the antibacterial tests. The IR spectra in Figure 5 show that the main vibrational peaks appearing in the IR spectra of neat HDPE are similar to those measured by the traditional FT-IR microscope related to the intensity and position. The bands at 2924 and 2874 cm−1 are assigned to the vibration of symmetric and asymmetric methylene groups (Figure 5i). These bands shift to lower frequencies in the case of nanocomposites due to the contribution of a long alkyl chain of oleic acid and oleylamine of the nanoparticles coating (Figure 5h). This peak has been also observed in the coated nanoparticles due to the presence of an alkyl chain of surfactant (Figure 5i). The vibrational bands at 1461, 1396 and 1368 cm−1, assigned to CH2 bending, CH3 bending and CH2 wagging, respectively, shift to lower frequencies in the nanocomposites (Figure 5a,b). In particular, a new peak at about 1245 cm−1 is observed in the case of nanocomposites which is slightly different to that observed in the case of pure nanoparticles at about 1225 cm−1 (Figure 5c) This band is probably due to the presence of C-O stretching in the ester and H bonded hydroxyl group stretching [53]. The appearance of the peak at 1245 cm−1 is important to identify the presence of nanoparticles near the sample surface of the nanocomposites and it can be used as a marker to detect nanocomposites in a PE matrix.



Figure 6 shows high-resolution AFM images of neat HDPE and the surface nanocomposites. The morphology of the spherulites is shown in Figure 5, but not the contour of the nanoparticle surface. The presence of nanoparticles on the sample was therefore determined by IR-spectroscopy. The peak at 1245 cm−1 was assigned to the C-O stretching in the OA/OLA layer (P1-P3), but it is absent in neat PE as shown in Figure 7. The distribution of nanoparticles was obtained by TEM.



Resonance enhanced IR-spectroscopy single beam mode was used to obtain a dimensional mapping image of C-O stretching at 1245 cm−1 in the area shown in Figure 7. In the case of neat PE, IR- absorption mapping at 1245 cm−1 was observed to be negligible. The band was absent in neat PE shown in Figure 6c,g. However, for the HDPE/FeAg NPs nanocomposites, the absorption of C-O stretching was observed. In fact, there are some domains in which the IR-absorption of C-O was strong. This high vibrational absorption was due to the presence of OA/OLA on the surface of hybrid nanoparticles. For the first time nanoparticles are detected on a polymer matrix in the nanoscale without using the TEM technique. This is a non-destructive method for the characterization of nanoparticles dispersed on a polymer matrix.



Figure 8 shows the AFM-Raman spectra and AFM images with the characteristic bands for FeAg NPs located at 1792, 1345 and 614 cm−1. It is interesting to see that the typical Raman shift of magnetite Fe3O4 around 668–670 cm−1 was not observed in both FeAg NPs and nanocomposites [54]. However, two new bands at 613 and 1345 cm−1 appeared and were assigned to the Raman vibrational peaks of α-Fe2O3 [55]. These bands were visible on FeAg NPs alone and in the nanocomposite films. This may involve the phase transformation from Fe3O4 to α-Fe2O3 hexagonal plates. In other words, the electron transfer from Ag NPs to Fe3O4 leads to the reduction from Fe3+ to Fe2+ ions during the nucleation/growth of Fe3O4 polyhedral particles as described above in Figure 4. The broadening of the peak at 1792 and 2778 cm−1 is due to the vibrational carbonyl group and methylene group in the structure of oleic acid. In neat PE, characteristic Raman vibrational bands are seen at 1060 and 1130 cm−1 and both are assigned to C-C stretching; the bands at 1295, 1444, 2846, 2899 cm−1 are assigned to methylene twisting, CH2 wagging and asymmetric and symmetric CH2 stretching vibrations. The shift to lower frequencies is due to the change in the crystallinity and of the lamella assembly on the HDPE-surface. Two new bands observed at 1558 and 1373 cm−1 in the Raman spectrogram of the HDPE/FeAg NPs particles, but could not be assigned at the present time.





4. Conclusions


This study presents the synthesis of new and uniform hybrid nanoparticles nano-spheres of Ag NPs (6–8 nm) and dumbbell like-hybrid FeAg NPs (15–16 nm). The activity was evaluated when they are incorporated with a polyolefin. By resonance enhanced atomic force microscopy coupled infrared spectroscopy (nano-IR), it was possible to detect and identify the distribution of the nanoparticles in the polymer matrix. The lamella assembly and the spherulite structure of PE/FeAg NPs are also examined. AFM-Raman spectra of the nanocomposites provide useful information about the electron-transfer mechanism of the hybrid nanoparticles, resulting in a higher antibacterial activity. The electron-transfer would proceed from hybrid FeAg NPs and Ag NPs to Fe3O4 NPs in a reversible fashion. The ionization of Ag NPs in hybrid nanostructure might be accelerated by Fe3+ ions. The as-prepared nanocomposites exhibit a self-sterilizing property, avoiding the formation of biofilms, which are the most dangerous source capable of spreading toxic bacteria into the environment.
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Figure 1. TEM images of oleic acid (OA)/oleylamine (OLA) coated Fe3O4 NPs: (a) and FeAg NPs (b,c) dispersed in DBC and (d) the nanoparticle size distribution of Fe3O4 nanoparticles and Ag NPs. The insert image in Figure 1c shows an illustration of hybrid nanoparticles. 
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Figure 2. UV-visible absorption spectra of the OL/OLA coated Fe3O4 NPs, PVP coated Ag NPs and OL/OLA coated FeAg NPs hybrid nanoparticles dispersed in hexane. 
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Figure 3. Growth rate of E. coli liquid cultures of neat PE and nanocomposites with Ag NPs and hybrid FeAg NPs. The data shown represent the average of three cultures (standard deviation < 2%). The control sample is a culture medium without PE. 
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Figure 4. Mechanism of inactivation of E. coli by FeAg NPs in which the electron exchange between Ag NPs and Fe NPs promotes the formation of the Ag+-ion leading to inactivation of E. coli. 
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Figure 5. Nano-IR spectra at the region 1000–1800 cm−1 (a) neat HDPE, (b) HDPE/FeAg NPs nanocomposites and (c) pure dumbbell like-FeAg NPs; AFM images of (d) neat PE spherulite, (e) nanocomposites spherulites, (f) pure nanoparticles; Nano-IR spectra at the region 3200–3600 cm−1 of (g) neat PE, (h) nanocomposite and (i) neat hybrid nanoparticles. AFM images show at the position at which the IR spectra were analyzed. Sample thicknesses were about 500 nm and films were deposed on gold substrates. 
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Figure 6. High-resolution AFM images of neat HDPE at different magnifications (a–c); high-resolution AFM images of morphology of HDPE/FeAg NPs nanocomposites (d–f) and IR spectra (g) of neat PE at position N1 and N2, the spectra of HDPE/FeAg NPs nanocomposites at different positions P1, P2, P3. 
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Figure 7. (a) high resolution AFM images of neat HDPE; (b) IR-mapping image of neat HDPE; (c) high resolution AFM images of HDPE/FeAg NPs nanocomposites; (d) IR mapping image of HDPE/FeAg NPs nanocomposites. The points N1, N2, P1, P2, P3 are points corresponding to the nano-spectra analysis described below in Figure 8. Film thickness was close to 500 nm, deposed on Si-wafer substrate. 
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Figure 8. Raman spectra of (a) FeAg NPs; (b) neat HDPE, (c) PE/FeAg NPs and (d) HDPE/FeAg Nps in the bulk. Inserted figures show corresponding AFM images. 
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