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    Ultra-fine (< 10 nm) nanoparticles are desirable for higher reactivity with the surrounding media due to their higher surface area to volume ratios. They are, however, difficult to produce. The use of laser ablation in liquid could produce high purity nanoparticles in a single process.


    Until now, using laser ablation in liquid could only produce Ag nanoparticles with sizes stretching to 20 nm and an average size greater than 7 nm. In this paper, we report a special laser-based method for the production of ultrafine silver nanoparticles with an average size of 5 ± 2.4 nm and maximum nanoparticles up to 10 nm in size by using laser ablation a silver plate immersed in diluted sodium borohydride. A diode pumped Nd:YAG laser emitting at the second harmonic (532 nm) wavelength with a pulse duration of 7 ns was used to generate the Ag nanoparticles. It has been shown that increasing the concentration of sodium borohydride and decreasing the laser fluence lead to a decrease the average and maximum particle sizes of the silver nanoparticles. Stronger antibacterial activity of generated Ag NPs against Gram-negative bacteria - E. coli was found compared with nanoparticles generated in deionised water without sodium borohydride.


    Keywords


    Nanoparticles, Ultrafine, High purity, Ablation, Laser, Ag, Silver, Surfactant


    Introduction


    Nanoparticles (NPs), i.e., particles with their sizes below 100 nm have attracted much attention in the last few decades because of their unique properties which are different from their bulk materials. An important group of these NPs are the metallic NPs due to their specific applications in many fields including biomedical [1-4], optical [5,6], electronic [7,8] sectors as well as additives to improve the performance of concrete [9,10]. The desired properties of these NPs are strongly depended on their size and shape [11-13]. Therefore, many techniques including physical [14-17], chemical [18,19] and biological [20-22] methods have been developed for the synthesis of nanomaterials. One of the recently development methods is laser ablation of solid targets in liquid [23]. This technique is a single step process based on the ablation of a solid target in liquid and different types of liquid media can serve as a medium providing that they are transparent to the laser beam used. A key challenge in the preparation of metal nanoparticles in solutions is to control the size and shape of the nanoparticles to the desired specification [11,12,24].


    Materials in nanoscales have a large surface-to-volume ratio. Therefore, many physical, chemical, and biological characteristics of NPs could be altered by reducing their sizes [25,26]. For instance, the melting point of the gold is changed from 1064 ℃ to 900 ℃ when the size of gold is decreased to 4 nm, then starts to decrease dramatically to about 500 ℃ for sizes ranging from 1 to 2 nm [27]. Another typical example is that the antibacterial activity of NPs strongly depends on their sizes. The effect of different sizes of Ag NPs on Gram-negative bacteria was studied by Zhong, et al. They found that bacterial growth inhibition was shown to be more effective with Ag NPs with an average diameter less than 10 nm [28].


    Chemical reduction is the most commonly used method for the synthesis of metal NPs that have colloidal characteristics with well-controlled sizes. A strong reducing agent such as sodium borohydride was used to produce smaller NPs that are monodispersed. Dong, et al. produced Ag NPs with an average diametre of 4 nm using a chemical reducing method [29]. The disadvantage of the chemical method is that it would need several steps for the high purity NPs production and disposal of the chemicals is needed.


    Alternatively, laser ablation of a bulk metal immersed in a liquid can produce colloidal metal NPs by rapid vaporisation and condensation of the target material in a single process step [30]. However, the size, size distribution, shape, composition, and structure of the NPs depend on many parameters including laser fluence, pulse duration, laser wavelength, number of pulses delivered to each target spot and type of liquid surrounding the target [11,12,31]. Because liquid environment parameters affect ablation and cluster formation mechanisms, they can be used to adjust the size and the shape of NPs [11,24,31]. Thus, fundamental studies have been accomplished to improve the laser ablation method for reducing the size and size distribution spread of the colloidal NPs. Many investigations have presented the generation of metal nanoparticles by laser ablation in the presence of an ionic surfactant that serves as a medium to control the size of the nanoparticles. Tajdidzadeh M, et al. showed that particle size of Ag-NPs prepared in ethylene glycol ranged from 10 to 60 nm and an average size about 22 nm, whereas, it ranged from 10 to 80 nm with an average size about 27 nm in deionized water [32]. Bae, et al. produced Ag NPs immersed in various concentrations of NaCl solution and pure water. They demonstrated that the presence of the chloride ions in the liquid medium through laser ablation process could reduce the average size of Ag NPs in 5 mM of NaCl solution to 26 nm with a range of 5 to 50 nm [13]. Oscar, et al. showed that the particle size of Ag NPs depend on the concentration of Cetrimonium bromide (CTAB), where, the particle size of Ag-NPs prepared in 10-7 mM of CTAB solution ranged from 5 to 45 nm with an average size 14.5 nm [24]. Ag NPs were also generated in water containing sodium dodecyl sulphate (SDS) by Mafune, et al. They showed that the prepared Ag NPs had average diameters of 16.2, 14.9, and 11.7 in the 0.003, 0.01, and 0.05 M concentrations of SDS solution respectively. In addition, they showed that the average diameter of Ag NPs was reduced to 7.9 nm with the particle sizes up to 22 nm by reducing the laser power [33]. All Ag NPs mentioned above, which were prepared using laser ablation in ionic solutions, have particle size distribution stretching beyond 20 nm as the maximum particle size. Therefore, generating Ag NPs with a smaller maximum size is still a challenge.


    In the present work, sodium borohydride was used as a surfactant to generate ultrafine Ag NPs by laser ablation of a Ag solid target in liquid. Sodium borohydride (NaBH4) is a compound commonly served as a strong reducing agent in chemical processes. The nanoparticles will be expected to be kept in suspension by repulsive electrostatic forces between the particles, owing to adsorbed borohydride ions [18,29]. In addition, sodium borohydride is a cheaper material than other ionic surfactants such as SDS, CTAB, and ethylene glycol.noticeably lower.


    Therefore, in the current study, NaBH4 was used as a surfactant to understand its ability in controlling the size and size distribution of Ag NPs by laser ablation. The obtained Ag NPs were characterized using transmission electron microscopy and examined for antimicrobial activity against Escherichia coli (E. coli) bacteria and compared with larger sized Ag NPs prepared in deionized water by laser ablation.


    Materials and Experimental Procedure


    Generation of Ag NPs by laser ablation


    Ag NPs were produced by pulsed laser ablation of a silver target in liquid. Briefly, a silver plate (99.99% purity) with a thickness of 2 mm and a surface area of 25 × 25 mm2 was used as the target material. It was sonicated for 15 minutes in ethanol and deionized water to remove surface impurities. Subsequently, the plate was placed at the bottom of a Pyrex glass vessel filled with freshly prepared sodium borohydride solution (NaBH4: > 96% purity from Sigma-Aldrich) diluted with deionised water. Two parts were performed separately in order to study the effect of different concentrations of NaBH4 and different laser fluences on the average size and size distribution of the produced Ag NPs. The laser fluence in the first part was 2.62 J/cm2 and the concentrations of NaBH4 were 0, 1 and 2 mM respectively. In the second part, the concentration of NaBH4 was fixed to 2 mM and the Ag plate was irradiated by laser with fluences of 1.83, 4.89, and 7.82 J/cm2 respectively.


    In all the experiments, the liquid was 2 mm above the target surface. The silver plate was irradiated by a second harmonic (532 nm) diode pumped Nd:YAG laser with a pulse duration of 7 ns at a 20 kHz repetition rate. The laser beam was focused on the silver plate with a spot size of 50 μm in diameter. Raster scanning of the laser beam with an x-y galvanometer was carried out on the target surface over a 5 mm2 area at a velocity of 250 mm/s with a 0.1 mm scanning line spacing between the two tracks. The laser was irradiated at different fluences and the ablation was performed for 40 minutes in all experiments.


    Characterization techniques


    The prepared nanoparticle solution was characterized using a UV-Visible double beam spectrophotometer (Analytic Jena, SPECORD 250), zeta potential analyser [Zetasizer Nanoseries (Malvern Instruments)], transmission electron microscopy (TEM,CM 20 Philips) at 200 kV accelerating voltage, and the elemental analysis of the silver nanoparticles (NPs) was performed using an Axis Ultra Hybrid x-ray photoelectron spectrometer (XPS, Kratos) equipped with a monochromated aluminium x-ray source at 1486.6 eV.


    The samples of Ag NPs for TEM experiment were prepared by depositing a drop of solution on a carbon-coated 200-mesh copper grid and let to dry completely at room temperature. At least 500 NPs were measured to determine the size distribution. The size of each particle was measured from the corresponding TEM images using Image-J programme. Then, the average size of the particles was calculated by adding the sizes of all particles that measured by Image-J programme and divided by the count of those sizes using excel programme.


    Bacterial strains and culture


    The separated E. coli strain 25922 was cultured in Muller-Hinton broth and incubated at 37 ℃ for 24 hours with shaking at 225 rpm. After incubation, the optical density (OD) of inoculum suspensions was measured at 600 nm and adjusted from 0.08 to 0.1 (OD of 0.1 corresponding to a concentration of 1.5*108 colony-forming units/ml). Then, inoculum suspensions were diluted twice to 1.5*106 colony-forming units (CFU/ml) for experimental use.


    Micro-dilution method for anti-microbial susceptibility testing


    The solution of the antibacterial agent was prepared in a liquid growth medium dispensed in a 96-well microtiter plate. After that, each well was inoculated with bacteria inoculum prepared in the same medium after dilution of standardized bacteria suspension adjusted to 0.5 McFarland scale. After well-mixing, the 96-well microtiter plate was incubated at 37 ℃ for 24 hours [34].


    Determination of MIC


    Minimum inhibitory concentration (MIC) is defined as the lowest concentration of the NPs that inhibited bacterial growth after 24 hours of incubation at 37 ℃. The MIC of Ag NPs generated by laser ablation method immersed in different concentration of NaBH4, was determined against E. coli strain 25922.


    Antibacterial activity of Ag NPs was examined using the micro-dilution procedure in Muller-Hinton broth. MIC values were determined using a photometer for microtiter plate (Synergy HTX, Biotek, USA) after inoculation of Ag NPs-containing microtiter plate with 100 μl of E. coli bacteria. Therefore, for this investigation, freshly grown bacterial inoculum (1.5*106 CFU/ml) of E. coli was incubated in the presence of a range of Ag NPs loadings of 5, 10 and 20 mg/L added in each well to observe the bacterial cell. Total solution volume in each well was kept 200 μl. The concentrations of Ag NPs were determined by weighing the silver target before and after laser ablation using a microbalance scale (Sartorius BL 210S with a resolution of 0.1 mg).


    An abiotic (OD blank) control was set with only diluted Ag NPs in media (Muller-Hinton broth) without E. coli and a positive control was prepared separately with cells in sterile deionized water and NaBH4 solution which was irradiated by the laser to keep the same environment, both having the same volume (200 μl). They were grown separately in each well (Ag NPs with bacteria, abiotic control, and positive control) at 37 ℃ for 24 hours with shaking at 225 rpm. Two tests were performed for each concentration of Ag NPs; therefore, two wells containing bacterial suspension with Ag NPs and two wells containing only media (Muller-Hinton broth) with Ag NPs were included in this plate.


    Optical densities were measured for 24 hours using a plate reader at 600 nm and recorded for each well every 30 min automatically. Optical densities as a function of time for the control samples and the solutions containing different concentrations of Ag NPs, were measured periodically up to 24 hours.


    Determination of MBC


    Minimum bactericidal concentration (MBC) was defined as the lowest concentration that completely kills test bacteria. Therefore, the incubated solution of cells in Ag NPs from each well that showed no growth was further inoculated onto agar plates without any further Ag NPs and incubated at 37 ℃ for 24 hours to determine the minimum bactericidal concentration (MBC) by streaking the incubated solution on the Mueller Hinton agar plate.


    Results and Discussion


    Synthesize Ag NPs in diluted NaBH4


    Figure 1 shows UV-vis spectra of colloidal solutions obtained by laser ablation of a silver plate in three different concentrations of NaBH4 at a constant laser fluence of 2.62 J/cm2. From Figure 1 one can observe that the broadest peak is that with pure deionised water without NaBH4. As the concentration of NaBH4 concentration increased, the absorption peak shifted towards shorter wavelengths and became narrower. At the 2 mM NaBH4 concentration, the absorption peak shifted to 388 nm from 397 nm (pure deionised water). Further increase in concentration of sodium borohydride did not show any major change in shifting of absorption peak.


    
      Figure 1: UV-visible absorption spectrum of colloidal silver nanoparticles synthesized in different concentrations of NaBH4 solution at the laser fluence of 2.62 J/cm2. View Figure 1

    


    Figure 2 depicts typical TEM images and size distributions of Ag nanoparticles prepared in deionised water (0 M of NaBH4) and different concentrations of sodium borohydride and the laser fluence of 2.62 J/cm2 was fixed for all samples. As clearly seen, the silver nanoparticles prepared in sodium borohydride solutions were more dispersed than those prepared in deionized water. Especially for those prepared in a higher concentration of NaBH4 the particle size was clearly decreased. In addition, Ag NPs generated in deionized water showed an irregular shape with a broader size distribution while Ag NPs generated in NaBH4 were almost spherical with a narrower size distribution. For the aqueous medium with 1 mM of sodium borohydride, the average size was 6.7 ± 3.7 nm, whereas with deionized water it was 28 ± 16.9 nm. With the increase in the concentration of the NaBH4 from 0 to 2 mM, it resulted in Ag nanoparticles of more uniform sizes and a smaller average size as shown in Figure 2. The observations indicated a significant decrease in the average size and maximum size of the nanoparticles with increasing NaBH4 concentration from 0 to 2 mM. The average sizes of nanoparticles were 6.7 ± 3.7 nm and 5.6 ± 2.8 nm for nanoparticles prepared in 1 mM, and 2 mM of NaBH4 respectively. At a concentration higher than 2 mM there was no significant decrease in particle size [35].


    
      Figure 2: TEM images and size distribution of generated Ag NPs in different concentrations of NaBH4: A) 0 mM; B) 1 mM and C) 2 mM at the laser fluence of 2.62 J/cm2. View Figure 2

    


    As these figures depict, the laser ablation of an Ag target in different concentrations of NaBH4 could lead to the generation of Ag NPs with different size characteristics. The histograms showed that the different concentrations of NaBH4 could affect the NPs size distribution significantly. For instance, ablation in deionised water resulted in a wider size distribution of Ag NPs ranged from 10 to 100 nm while in the case of ablation in 1 mM of NaBH4; Ag NPs with narrower size distributions from 2 to 20 nm was generated. Moreover, ablation in 2 mM of NaBH4 resulted in even narrower size distribution as the majority of Ag NPs had sizes from 2 to 12 nm and the presence of a large number of smaller size Ag NPs.


    The size distribution of the nanoparticles in Figure 2A and Figure 2B revealed a typical Log-Normal distribution which was in agreement with the characteristics of nanoparticles generated by laser ablation in liquid, as reported in Refs. [36,37] that particles grow with supplying silver atoms by diffusion simultaneously to the drift of NPs through a finite growth region. However, the size distribution in Figure 2C showed an additional peak around 8 nm. The presence of the second peak was unlikely to be caused by the increase of NaBH4 concentration for laser ablation, but the collection of the nanoparticles from the solution for the size measurement.


    The dynamic formation mechanism of particles in an ionic surfactant- containing solution was explained by Mafun, et al. [38]. Briefly, in the case of ablation with a ns laser, as the laser generated hot plume adiabatically expands, it will be cooled and condensed; therefore, fine particles such as free atoms or clusters collide to each other and nucleate during the ablation. As a result, the embryonic Ag particles are formed by collisional sticking and aggregation in the vapour phase of the plasma plume species [12]. The particles further grow slowly with supplying silver atoms by diffusion; however, when the surfaces of nanoparticles are covered with the ionic surfactant molecules, the growth will be inhibited [38]. In other words, ablation of metals in electrolyte solutions leads to the generation of nanoparticles with smaller sizes because of the formation of electrical double layers (EDL) on the surface of charged nanoparticles, which neutralize any further aggregation [39]. This means that there is a competition between the incorporation of atoms to the nanoparticles growing them and the covering of the existing nanoparticles with surfactant preventing further nanoparticle growth.


    In our case, the condensations of the Ag plasma/vapour plume species in the NaBH4 solution resulted in the synthesis of Ag nanoparticles coated with EDL where dissolving NaBH4 in water can release abundance of borohydride ions (BH-4) [40].


    Therefore, the mechanism of generating smaller Ag NPs by using sodium borohydride would be that NaBH4 creates a strong EDL which restricts the nucleation and growth of NPs.


    The first mechanism would be the restriction of the growth of nanoparticles due to the electrical interaction between species, which formed by a direct nucleation in the condense plume, and EDL during the laser ablation. These species would be nucleated and interact with the BH-4 to provide nucleation centres for the next incoming silver species [11].


    The second mechanism is that Ag atoms clusters were released to the aqueous solution during the laser ablation of target and with the elapsed time. The nucleation occurred as the concentration of Ag atoms reached the critical super saturation which led to the formation of nuclei. By further addition of free Ag atoms in the solution, the nuclei were grown into the nanoscale particles at the same time the BH-4 were adsorbed at the particle surface resulting in the highly charged entities which eventually shatter due to charge repulsion [11,33].


    The BH-4 would create strong negative charged layers around the NPs; therefore, the nanoparticle growth would become restricted during the laser ablation because of electrical interaction between particles and this layer. The growth rate of nanoparticles depends on number of Ag particles formed and the extend of EDL where in the presence of a high concentration of sodium borohydride, the growth rate of the particle is limited and finally halted as the EDL value increases, thereby preventing processes such as nuclei coalescence and atoms from the solvent vicinity. In other words, nanoparticle formation must minimize the particle growth rate relative to the nuclei formation rate in order to obtain small size nanoparticles [41]. As a result, the average size and size distribution would be smaller compared with laser ablation process in water.


    The surface charge of the prepared Ag NPs was measured by their zeta-potentials and the measurements were taken immediately after preparation for each sample. The values of zeta potentials were -30.2 mV, -36.5 mV, and -47.3 mV for samples prepared in 0, 1 and 2 mM NaBH4 respectively. It was shown that increasing the NaBH4 concentration lead to an increase of the value of zeta potential which is a good indicator for increasing the repulsion power of Ag NPs against the agglomeration. i.e., increasing the concentration of NaBH4 leads to decreasing the agglomeration of Ag NPs because of the existence of a strong negative charged layer on the surface of Ag NPs. As a result, average size and size distribution of generated Ag NPs depend on the electrolyte concentration of liquid environment.


    Preparation Ag NPs at different laser fluences


    Another factor which can effect the average size and size distribution of Ag NPs is the laser fluence. The generation of Ag NPs at different laser fluences in the NaBH4 environment was investigated. The results showed that the average size and size distribution of generated Ag NPs at various laser fluences were different. As the laser fluence decreased, the average size of Ag NPs was reduced and size distribution became narrower. Figure 3 shows Ag NPs prepared at different fluences in 2 mM of NaBH4. The average size of Ag NPs was 5 ± 2.4, 7.9 ± 5.9, and 16.6 ± 10.9 nm for runs with the laser fluences of 1.83, 4.89, and 7.82 J/cm2 respectively. In addition, the histogram in Figure 3 indicates a large change in the particle size distribution of the prepared Ag NPs with the increase in laser energy. The synthesized Ag NPs had size distributions between 2 to 10 nm, 2 to 30 nm, and 2 to 50 nm for runs with the laser fluences of 1.83, 4.89 and 7.82 J/cm2 respectively.


    
      Figure 3: TEM images and size distributions of the Ag NPs produced by laser ablation in a 2 mM NaBH4 aqueous solution at the various laser fluence. The laser fluence for A, B, and C are 1.83, 4.89, and 7.82 J/cm2 respectively. View Figure 3

    


    Laser fluence directly affected the size of prepared Ag NPs by two mechanisms.


    Firstly, at a higher fluence, NPs are not only formed by nucleation and growth of particles in a dense plasma cloud during laser ablation but are also formed by the ejection of metal droplets from the target; therefore, increasing the laser fluence leads to an increase in the agglomeration probability because of increment of the melting depth of the target surface and amount of target material simultaneously appeared in liquid [42,43].


    The second mechanism is that thermodynamic properties of the cavitation bubbles and the produced plasma are directly affected by the laser fluence; therefore, increasing laser fluence allows the plasma plume to reach a higher temperature and pressure which leads to longer duration of the cavitation bubbles and cooling. In other words, when the plasma plume reaches a higher temperature and pressure by increasing the laser fluence, the life of cavitation bubbles will be longer before they collapse which would result in the formation of larger size particles by coalescence [41].


    An important factor that influences the size properties of Ag NPs is the dynamic formation mechanism as explained in a model by Mafuné, et al. [33]. According to this model, size properties decreases with a decrease in the laser power and increase with an increase in the surfactant concentration. This can be demonstrated according to their model in term of rapid formation of an embryonic Ag NPs and a consecutive particle growth in competition with termination of the growth because of adsorbing of BH-4 on the particle. This is because a dense cloud of silver atoms is built over the laser spot of the metal plate, immediately after the laser ablation. Therefore, if the inter atomic interaction is much stronger than the interaction between a silver atom and BH-4 which is released from NaBH4, silver atoms are aggregated as much as silver atoms are supplied.


    Finally, the smallest and the most homogeneous Ag NPs were synthesized at lower laser fluence and higher concentration of NaBH4.


    X-ray photoelectron spectroscopy (XPS) analysis of Ag NPs


    The elemental analysis of the silver nanoparticles was performed using the x-ray photoelectron spectroscopy (XPS) analysis. The spectra were measured with analyser pass energy of 20 eV and at an instrument vacuum pressure of < 3 × 10-8 mbar. Figure 4A depicts the XPS analysis of Ag compound nanoparticles prepared in deionised water. The results showed that the Ag 3d spectrum in Figure 4A consists of two pairs of doublet peaks of Ag 3d3/2 and Ag 3d5/2. Two big peaks that located at 368.3 and 374.3 eV and the two small peaks located at 369.1 and 375.1 eV are found to be attributed to the silver metal (Ago) [44,45]. In addition, other two small peaks that located at 369.6 and 375.6 are assigned to silver in ionic state (Ag2+) [46].


    
      Figure 4: XPS spectra of Ag NPs produced by laser ablation method in A) Deionised water with the laser fluence of 2.62 J/cm2 and B) 2 mM NaBH4 solution with the laser fluence of 1.83 J/cm2. View Figure 4

    


    Figure 4B shows the Ag 3d XPS spectra of Ag NPs generated by laser ablation in NaBH4, and two peaks located at approximately 373.8 and 367.8 eV can be observed. These peaks are attributed to metallic silver [47].


    The XPS analysis of the NPs produced in deionized water reveals the presence of metallic silver (Ago) and ionic silver (Ag2+) whilst the NPs prepared in the NaBH4 solution shows the presence of metallic Ag only. The formation of metallic Ag only in the NaBH4 solution could be attributed to the reduction of the Ag ions by NaBH4. It is known that NaBH4 is a strong reducing agent; therefore, metallic Ag nanoparticles are more likely to be produced in a reducing agent. This was also reported in reference [29] regarding formation of metallic Ag nanoparticles in NaBH4 solution using a chemical method.


    Antibacterial activity


    The antibacterial activity of Ag NPs prepared by laser ablation in 0 mM and 2 mM of NaBH4 solution against Gram negative bacteria was examined using the micro-dilution method to determine the MIC.


    Ag NPs size effect on MIC


    Figure 5 depicts bacterial growth curves at different Ag NPs concentrations (5-20 mg/L). A higher value of optical density (OD) represents growth of bacteria, indicating lower antibacterial activity where the optical density is related to the bacteria cell survival. Therefore, Figure 5B shows that the growth of bacteria was the same as the growth of bacteria treated with water (control), suggesting that NaBH4 solution had no bactericidal activity.


    
      Figure 5: Growth kinetics curve of E. coli in the presence of different concentrations of Ag NPs prepared in A) Water and B) NaBH4 solutions respectively. View Figure 5

    


    In addition, it can be clearly seen that the growth inhibition rate of the tested bacteria depends strongly on the size of Ag NPs where the MIC was 20 mg/L for the sample prepared in deionized water, it was 10 mg/L for the sample synthesized in NaBH4. In addition, it should be noted that the delay growth rate of bacteria at 5 mg/L of Ag NPs synthesized in NaBH4 was higher than Ag NPs generated in deionized water indicated by a comparison of OD value in Figure 5A and Figure 5B. This means that the Ag NPs generated in NaBH4 affected the antibacterial activity of Ag NPs toward E. coli to different extents. Specifically, the antibacterial activity of Ag NPs was evidently enhanced using Ag NPs generated in NaBH4 containing solution. Consistent with a previous study, smaller size of Ag NPs showed a higher bactericidal effect than bigger sizes of Ag NPs at the same dose of 10 and 5 mg/L where we can see from Figure 5 that the OD decreased with decreasing the size of Ag NPs, indicating complete death of bacteria at 10 mg/L and there was no bacteria growth within 12 hours at 5 mg/L in the suspensions. In other words, the E. coli growth curves recorded in the presence of 10 and 5 mg/L of Ag NPs revealed that the strongest and most efficient hindering of bacteria growth with Ag NPs of 5 ± 2.4 nm in average size where it is observed from Figure 5 that a 5 mg/L concentration of Ag NPs of 5 ± 2.4 nm delayed the bacterial growth up to 12 hours while Ag NPs of 28 ± 16.9 nm delayed the growth of bacteria up to 4 hours.


    This means that the Ag NPs with 5 ± 2.4 nm of mean size strongly influenced the growth of E. coli because smaller NPs (< 10 nm) could easily penetrate inside the bacteria and reach its nuclear content [48,49] and smaller size of Ag NPs have increasing of the number of atoms at the surface in comparison to the numbers of atoms in the centre of crystal; as a result, larger surface areas come in contact with the bacteria which results in the higher percentage of interaction with bacteria [28].


    MBC of Ag NPs


    Although the MIC results showed that 20 mg/L of Ag NPs of 28 ± 16.9 nm and 20 mg/L and 10 mg/L of Ag NPs of 5 ± 2.4 nm presented zero OD, E. coli cells could grow back after more than 24 hours of incubation. Therefore, the MBC was used to determine the completeness of killing bacteria. Figure 6 depicts the MBC of Ag NPs. We can see that all the Ag NPs samples completely inhibited the bacteria, i.e. they completely killed the bacteria at the same concentration. This suggests that 28 ± 16.9 nm Ag NPs and 5 ± 2.4 Ag NPs completely inhibited the growth of E. coli and killed them at the concentration of 20 and 10 mg/L respectively.


    
      Figure 6: Petri dishes streak after determination of MIC of Ag NPs which were prepared in A) Water; B) and C) NaBH4 respectively and incubated for 24 hours to determine the MBC. The photograph depicts Muller-Hinton broth plates containing the incubated solution of 96 well cells in Ag NPs from each well containing different concentration of Ag NPs: A) 20 mg/L; B) 20 mg/L and C) 10 mg/L respectively. View Figure 6

    


    Conclusion


    Ultrafine Ag NPs were synthesized by pulsed laser ablation of silver plate in diluted sodium borohydride solution. The NP sizes ranging from 2 to 10 nm was achieved as a direct result of the addition of sodium borohydride where laser ablation in NaBH4 solution significantly reduced the average size of Ag NPs (5 ± 2.4 nm) compared with that the average size of 28 ± 16.9 nm in deionised water. Furthermore, laser generated Ag NPs in NaBH4 solution showed higher antibacterial activity than Ag NPs obtained by laser ablation in water.
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