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Abstract

:

Burkholderia pseudomallei is the causative pathogen of melioidosis and this bacterium is resistant to several antibiotics. Silver nanoparticles (AgNPs) are an interesting agent to develop to solve this bacterial resistance. Here, we characterize and assess the antimelioidosis activity of AgNPs against these pathogenic bacteria. AgNPs were characterized and displayed a maximum absorption band at 420 nm with a spherical shape, being well-monodispersed and having high stability in solution. The average size of AgNPs is 7.99 ± 1.46 nm. The antibacterial efficacy of AgNPs was evaluated by broth microdilution. The bactericidal effect of AgNPs was further assessed by time-kill kinetics assay. Moreover, the effect of AgNPs on the inhibition of the established biofilm was investigated by the crystal violet method. In parallel, a study of the resistance induction development of B. pseudomallei towards AgNPs with efflux pump inhibiting effect was performed. We first found that AgNPs had strong antibacterial activity against both susceptible and ceftazidime-resistant (CAZ-resistant) strains, as well as being efficiently active against B. pseudomallei CAZ-resistant strains with a fast-killing mode via a bactericidal effect within 30 min. These AgNPs did not only kill planktonic bacteria in broth conditions, but also in established biofilm. Our findings first documented that the resistance development was not induced in B. pseudomallei toward AgNPs in the 30th passage. We found that AgNPs still showed an effective efflux pump inhibiting effect against these bacteria after prolonged exposure to AgNPs at sublethal concentrations. Thus, AgNPs have valuable properties for being a potent antimicrobial agent to solve the antibiotic resistance problem in pathogens.
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1. Introduction


Burkholderia pseudomallei is the causative pathogen of melioidosis and this bacterium is resistant to several antibiotics, leading to the need for alternative agents for the treatment of melioidosis [1]. B. pseudomallei has recently developed resistance to several groups of antibiotics, including aminoglycosides, macrolides, quinolones, penicillin, rifamycin, as well as first, second, and third generations of cephalosporins [2]. To overcome this problem, many studies have demonstrated the better antibacterial effects of alternative agents. Antimicrobial peptides (AMPs) from human cathelicidin-derived peptides and by synthesis are one interesting group of agents. Thus, LL-37 and its variant LL-31 have been developed and have exhibited killing activity against B. pseudomallei [3]. Nevertheless, the researchers found that these AMPs were still sensitive to enzymatic degradation by protease in serum, causing less killing efficacy [4]. Nowadays, melioidosis patients are typically treated with ceftazidime (CAZ) [5]. The patients routinely take a high dose of CAZ for treatment. After multiple treatments, many studies have reported that B. pseudomallei becomes resistant to CAZ [6]. This occurrence decreases the efficacy of CAZ treatment and increases relapses in melioidosis patients. These results have led to a search for alternative agents for the treatment of melioidosis.



One of the interesting alternative agents is metal nanoparticles, especially silver nanoparticles, on which there have been many studies [7]. The biocidal activity of silver nanoparticles against a broad spectrum of microbes has been proven [8]. Silver nanoparticles (AgNPs) are clusters of the metal silver in the range of 1–100 nm in size [9]. These kinds of NPs can be optionally synthesized by physical, chemical and biological methods. The different methods result in various shapes and sizes of NPs due to different synthesis methods, such as spherical, anisotropic, triangular nanoprisms, nanocubes and rod-shaped. Additionally, differences in particle size and shape also result in meaningfully different antibacterial activities and mechanisms of action against bacterial cells [10,11,12]. In 2016, Siritongsuk and coworkers studied the mechanism of action of AgNPs against melioidosis pathogenic cells [13]. As a result of this study, they found a two-phase mechanism of action; the first phase showed by cell death induction within the first 5-30 min by cell membrane disruption. The second phase is the ROS induction within 1-4 h, slowly disrupting the macromolecules within the bacterial cells, by which cell death is separable from the ROS induction, AgNPs mainly contributes to the killing action.



Furthermore, the efficiency of AgNPs in inhibiting the production of biofilm has been widely evaluated. Biofilm is an extracellular polymeric matrix created by bacterial cells as a community of complex bacterial populations. It creates architectural biofilms that escape from elimination by antibiotics, as well as evading the human immune system. These biofilm architectures have become a major problem, causing pathogens to be resistant to many antibiotics [14]. In a previous study, AgNPs have been approved to reduce the biofilm biomass within 24 hours through their smaller size and penetrating ability inside the established biofilm [15]. AgNPs in the sizes of 1 to 100 nanometers can inhibit the biofilm production of P. aeruginosa and S. epidermidis [16], as well as which AgNPs with an average diameter of 25.2 ± 4 nanometers can effectively inhibit the production of biofilms in P. aeruginosa [17].



Tannic acid is used as a capping agent and stabilizer in the synthesis of AgNPs providing a biocompatible nanocomposite for better antibacterial activity in various applications [18,19]. Tannic acids or tannins are phenolic compounds that are widely found in plants. These kinds of phytochemicals show a beneficial effect with rich antioxidant and antimicrobial activities. Tannic acid stabilized-silver nanoparticles present effective antimicrobial activity against various bacteria, including antibiotic-resistant strains. Furthermore, phytochemical tannic acid has been evaluated from previous work to act as an effective efflux pump inhibitor (EPI) in preventing bacterial resistance induction in prolonged exposure to a sublethal dose of the antibacterial agent [19,20].



Interestingly, the development of AgNPs as a novel antibacterial agent seems to be cost-effective and attractive to solve the antibiotic-resistant pathogens problem. Therefore, the present study aims to evaluate antibacterial activity along with biofilm inhibition of AgNPs against B. pseudomallei. In parallel, the investigation of resistance induction of this bacteria after prolonged exposure to sublethal concentrations of AgNPs, as well as prolonged activity of efflux pump inhibiting efficacy were performed.




2. Results


2.1. Physicochemical Characterization of Silver Nanoparticles


2.1.1. UV-visible Spectroscopy and Transmission Electron Microscopy


Tannic acid stabilized AgNPs (Tannin was used as both natural reducing agent and stabilizer) were provided by Prime Nanotechnology Co, Ltd. (Bangkok, Thailand). The concentration of AgNPs at 128 µg/mL was selected as the optimal concentration throughout characterization studies. The color of AgNPs colloids was dark yellow as shown in Figure 1a (inset). The UV-Vis spectrum showed a single peak of maximum absorption at 420 nm, corresponding to the surface plasmon resonance (SPR band) of AgNPs at room temperature (23.9 °C) (Figure 1a) [21]. A TEM micrograph exhibited that AgNPs were well monodispersed, as well as having a spherical shape (Figure 1b) with an average size of 7.99 ± 1.46 nm (n = 137) (Figure 1c). The energy dispersive X-ray (EDX) spectrum also confirmed the Ag metal composition of AgNPs as shown in Figure 1d, which has the characteristic peak of AgNPs at around 3 keV [22]. The peak of copper (Cu) was observed in the EDX spectrum due to elemental copper (Cu) that was attributed to the carbon-supported copper grid used for sample preparation.




2.1.2. Dynamic Light Scattering and Zeta Potential Measurements


The AgNPs colloidal solutions with pH value of 5.94 were measured. Silver nanoparticles (AgNPs) had average hydrodynamic diameters of 101.13 ± 0.85 nm with low polydispersity index (PDI) value (0.20 ± 0.01 nm), indicating high particle homogeneity [23] (Figure 2a) and the zeta potential value of -47.63 ± 5.79 mV revealed the stability and negatively charge of AgNPs [24] (Figure 2b). This zeta potential value indicated that tannic acid contributed to the negative charge distribution. This distribution produced electrostatically stabilized AgNP surfaces as shown in Figure 2c, which illustrates the simple structural model of AgNPs stabilized with tannic acid [25].





2.2. Efficient Antibacterial Activity of AgNPs against Both Susceptible and CAZ-Resistant Strains of B. pseudomallei


For minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of antibacterial agents against E. coli (O157:H7) and B. pseudomallei (1026b), the broth microdilution method was performed. Colonies were then counted by colony plate counting assay after 20 h and incubation at 37 °C. The results showed that antimicrobial peptides LL-37could inhibit the growth of E. coli at the same MIC and MBC value of 32 µg/mL, whilst the MIC and MBC of LL-31 were 32 and 64 µg/mL, respectively. AgNPs also showed the same MIC and MBC value of 16 µg/mL (Table 1 and Figure 3a). For B. pseudomallei (1026b), AgNPs at the same MIC and MBC value of 32 µg/mL showed better bactericidal activity than both LL-37 and LL-31 (>64 µg/mL) as shown in Table 1 and Figure 3b. For the antibacterial activity test in different strains of B. pseudomallei, broth microdilution and resazurin colorimetric assay were performed. The MIC and MBC of AgNPs against B. pseudomallei strains 1026b, H777 and 316c are in the range of 32–128 µg/mL as shown in Table 2. Ceftazidime (CAZ), silver nitrate (AgNO3) and Tannic acid (TA) were used as the positive control.




2.3. AgNPs Exhibited an Efficient, Fast Action of Bactericidal Effect Against B. pseudomallei


To determine the bactericidal activity of antibacterial agents over time, a time-kill kinetics assay was performed. Bacterial suspensions were incubated with each antibacterial agent at the final concentration of 64 µg/mL at the time points of 0, 0.5, 1, 2, 3, and 24 h. The results show that LL-37 and LL-31 exhibited a rapid bactericidal effect against E. coli within 30 min, whereas AgNPs and ceftazidime (as a positive control) could kill E. coli within 1 h (Figure 4a). To determine these time-kill kinetics assay against B. pseudomallei, the results showed that AgNPs could kill B. pseudomallei strongly within 30 min, whereas ceftazidime could slowly kill this pathogenic bacterium within 24 h. On the other hand, both LL-37 and LL-31 at a concentration of 64 µg/mL could not inhibit B. pseudomallei at all (Figure 4b).



The bactericidal effect of AgNPs was particularly determined against three isolates of B. pseudomallei: 1026b represented the CAZ-nonresistant isolate, H777 is moderately CAZ-resistant and 316c is the highly CAZ-resistant isolate. For the 1026b isolate, 32 µg/mL of AgNPs could exhibit bactericidal effect as effectively as ceftazidime (CAZ) within 3h, whilst AgNPs at 64 µg/mL showed complete bactericidal effect within 1 h (Figure 5a). For the H777 isolate, AgNPs at 64 µg/mL slowly inhibited this pathogenic isolate within 3 h, whilst the bactericidal effect could be seen within 30 min when the concentration of AgNPs was increased to 128 µg/mL (Figure 5b). For 316c isolate, AgNPs at 128 µg/mL could exhibit a strong bactericidal effect within 30 min, whilst CAZ at the same concentration with AgNPs could not completely inhibit this isolate within 24 h (Figure 5c).




2.4. AgNPs Can Inhibit Biofilm Formation of B. pseudomallei


The effect of AgNPs on the inhibition of established biofilm against CAZ-resistant strains of B. pseudomallei (H777 and 316c) was performed by crystal violet assay. From the results as shown in Figure 6a,b, AgNPs showed an increasing trend of % biofilm inhibition against both strains when the concentration was increased. We found that at least 32 µg/mL of AgNPs exhibited biofilm inhibition >50% against both CAZ-resistant strains.




2.5. No Resistance Induction Developed by B. pseudomallei towards AgNPs after 30th Bacterial Generation Passage


To study the resistance induction trend of B. pseudomallei, the nonresistant (1026b), moderately CAZ-resistant (H777) and highly CAZ-resistant strains (316c) were tested after prolonged exposure to sub-MIC concentrations over time with AgNPs. The MIC values before passage and after the 30th passage are shown in Table 3. All three different strains of B. pseudomallei had no resistance development against AgNPs, as well as those of CAZ when the MIC values before and after the 30th passage were reported as the same value. The culture purity of all strains on ASH media in every 10th generation passage is provided in Figure S1.




2.6. AgNPs Still Showed Prolonged Efflux Pump Inhibiting Effect against B. pseudomallei via Phenotypic EtBr-agar Cartwheel Assay after 30th Bacterial Generation Passage


To detect the efflux pump activity, cartwheel assay was carried out. Zero % of Ethidium bromide (EtBr) agar was used as control (Figure 7a). The results showed no fluorescence emission of bacteria on 2 µg/mL EtBr agar. This result indicates that three different strains of B. pseudomallei before and after the 30th generation passage had efflux pump activity to pump EtBr (as an efflux pump substrate) out of the cells [26] (Figure 7b).



To investigate the efflux pump inhibiting effect of AgNPs, a cartwheel assay was performed as mentioned above. The results show that ¼ MIC concentration of AgNPs supplemented in EtBr-agar media highly inhibited the efflux pump in three different strains of B. pseudomallei, both before and after the 30th passage (Figure 8d–f), whilst all tested bacteria treated with ¼ MIC concentration of CAZ supplemented in EtBr-agar media had no fluorescent emission, indicating the efflux pump was active (Figure 8a–c). These fluorescence emission phenomena by EtBr in all strains treated with AgNPs indicated that AgNPs might be an effective efflux pump inhibitor. AgNPs might target the inhibiting transmembrane protein responsible for efflux pump activity, causing EtBr accumulation within the bacterial cell. Thus, fluorescent emission can be seen under UV light [27].




2.7. AgNPs Acted as an Effective Efflux Pump Inhibitor by Exhibiting a Maximum of 16-Fold Reduction in Efflux Pump Substrate MIC (EtBr)


To evaluate the efflux pump inhibiting effect of AgNPs quantitatively, the MIC value of EtBr with and without AgNPs before and after the 30th generation passage was found. The MIC results revealed that the MIC value of EtBr was reduced by 16-fold, 8-fold and 4-fold in the presence of AgNPs when compared with EtBr alone against B. pseudomallei strains 1026b, H777 and 316c, respectively. The MIC value of EtBr was reduced only 4-fold in the presence of CAZ, when compared with EtBr alone in all strains (Table 3). These results indicate that AgNPs are efflux pump inhibitors exhibiting a maximum 16-fold reduction in efflux pump substrate (EtBr) MIC. The inhibition of EtBr efflux supports the hypothesis of the efflux pump inhibiting the effect of AgNPs [28].





3. Discussion


Several novel antimicrobial agents need to be developed for the treatment of infectious diseases caused by pathogens and the growing problem of bacterial resistance [14,29]. Currently, nanotechnology has become an interesting area and is used in several fields. In the medical field, silver nanoparticles (AgNPs) are reported extensively as the most promising antimicrobial agent to overcome drug-resistant pathogens, as well as to develop treatments of various infectious diseases [30]. Moreover, tannic acid stabilized silver nanoparticles have been proved by many researchers to have antimicrobial efficacy against both Gram-positive and Gram-negative bacteria [31] and these AgNPs were also used in this work. We received the tannic acid stabilized silver nanoparticles used in this study from our collaborative company (Prime Nanotechnology, Thailand, co. Ltd.). Since tannin is a natural compound and is biocompatible, it was used as a reducing agent and stabilizer in their one-pot synthesis. The use of tannic acid as a reducing agent in the synthesis of AgNPs provides colloidal solutions with more stability. The size of AgNPs can be controlled by molar ratio variation of tannic acid (TA) to silver nitrate (AgNO3). AgNPs were synthesized over a wide range of values of the initial molar ratio of TA to AgNO3. The more molar the ratios of TA/AgNO3 are increased, the greater the increase in particle size of AgNPs [32,33]. AgNPs were characterized by UV-Visible spectroscopy and showed a maximum absorption peak at 420 nm (Figure 1a) which was similar to the results reported by Sharma et al. [21]. The monodispersed spherical shape and size distribution was analyzed by TEM and found an average size of 7.99 ± 1.46 nm for AgNPs. The silver element composition in AgNPs was confirmed by EDX, revealing a major peak at around 3 keV [22]. From Dynamic Light Scattering (DLS) measurement, we found that the hydrodynamic diameter of AgNPs was greater than the average size observed from TEM due to the solvent and stabilizer layers present around the AgNPs’ surface [34]. The negative zeta potential of −43.9 mV (Figure 2b) proved the high stability of AgNPs due to the electrostatic repulsion of NPs in the solution [24,35,36].



The biological action of AgNPs depends on several factors including size, shape, surface charge, size distribution, particle morphology, as well as the type of reducing agents used in the synthesis of AgNPs [11,18,37,38]. The zeta potential value of AgNPs is −47.63 ± 5.79 mV, indicating the surface of AgNPs was negatively charged. This value indicated that tannic acid contributed to the negative charge. This distribution produced electrostatically stabilized on AgNPs surface (Figure 2c) [25]. The hydrophobic moieties and hydrophilic shell of tannic acid stabilized on AgNPs play an important role for its interaction with the hydrocarbon chain of lipid, as well as surface proteins on bacterial cells. These polyphenolic features of tannic acid promote close contact between AgNPs and the bacterial cell membrane [25,37,39]. As far as size and shape are concerned, particles of a smaller size with good monodispersal of AgNPs seem to be more effective and have superior properties [18]. Many previous studies have indicated that the bactericidal properties of nanoparticles are size-dependent [7,40,41,42]. The researchers have identified that AgNPs act primarily in three possible mechanisms against Gram-negative bacteria: (1) nanoparticles (mainly in the range of 1–10 nm) attach to the surface of the cell membrane, cause permeability and disrupt the respiration in bacteria; (2) AgNPs penetrate inside the bacterial cell and cause serious damage by interacting with sulfur- and phosphorus-containing macromolecules; (3) AgNPs release silver ions, which contribute to the bactericidal effect of the AgNPs [38,43]. In addition, the antibacterial activity of AgNPs is not only size, but also shape-dependent. The results from the study of Pal and coworkers [11] reported that the bactericidal properties of silver nanoparticles undergo a shape-dependent interaction with the Escherichia coli. The nanoscale size and the presence of a {111} plane of AgNPs combine to promote the biocidal property as well.



For antibacterial investigation of E. coli and B. pseudomallei, the difference in active concentration is due to the different modes of action on bacterial cells between antimicrobial peptide LL-37 and AgNPs. AgNPs possess lower antibacterial concentration than those of LL-37 because AgNPs act as a nonspecific multimodal mechanism of action both insight and outsight of the bacterial cells. Thus, this advantage allows their effective antibacterial action at very low concentrations [44,45]. On the other hand, LL-37 is a cationic peptide, and the biological function of this peptide has been debated in several studies [3,46,47]. Many studies have been conducted about the possible mechanism of action, such as a barrel-stave conformation, toroidal pore formation and the carpet model. However, the antibacterial role of LL-37 is assumed to act by a specific mode of action on bacterial cell membrane. The limitations of the specific mode of action probably depend on the interaction between negatively charged bacterial cell membrane and negative or positive charge of antimicrobial peptides. So, a large amount of LL-37 is needed for use to inhibit bacteria at the same bacterial concentration as the AgNPs used [46]. Moreover, we investigated the antibacterial activity of tannic acid. The results show that tannic acid itself has no bactericidal effect even at high concentration (>512 µg/ml) against all strains of pathogens, which was similar to the previous report [37]. These results indicate that the main bactericidal effect is exhibited by AgNPs. In this study, we testified the efficiency of the bactericidal activity of AgNPs against three different strains of B. pseudomallei, including susceptible, moderately, and highly CAZ-resistant isolates. We found that AgNPs exhibited strong antibacterial activity against all strains of B. pseudomallei as in the results reported previously [13]. The time-dependent bactericidal effect can be monitored by time-kill kinetics curves of bacterial growth and death to evaluate the effect of AgNPs over time [48,49]. Our time-kill kinetics results revealed that AgNPs showed a fast mode of killing action within 30 minutes, mainly with B. pseudomallei CAZ-resistant strains. AgNPs showed a faster bactericidal effect than those of CAZ. Moreover, several reports have demonstrated that B. pseudomallei can produce biofilms to survive and protect their bacterial communities from environmental fluctuations both in vitro and in vivo [50]. The biofilm of B. pseudomallei has been reported as one of the virulence factors which allows these bacteria to be pathogenic. They are significantly resistant to various antibacterial agents as well as active antibiotics, such as tested CAZ, imipenem and trimethoprim/sulfamethoxazole, as compared with planktonic bacterial cells in the same isolates [3,51]. In the present study, we found that at least 32 µg/ml of AgNPs showed >50% biofilm inhibition against both CAZ-resistant strains. AgNPs could reduce the increase in planktonic bacterial cell number, which could produce the biofilm. The previous evidence documented that AgNPs could hinder the inhibition activity due to AgNP agglomeration. Moreover, being negatively charged themselves, they are electrostatically repulsed from the negatively charged surface of the bacterial cell, thus AgNPs might penetrate to the extent of biofilm as much as half of all existing biofilms [52]. Nevertheless, we first found that AgNPs showed more potentially inhibited established biofilm of B. pseudomallei than those treated with CAZ at the same concentration.



According to an interesting point from the biofilm inhibition results, we assume that the remaining bacteria can survive in their produced biofilm. This stage could significantly induce bacterial resistance consistent with a previous study [51]. Therefore, in parallel, we further cultured bacteria in vitro. We allowed them to grow in natural conditions with a passage in a tube of fresh broth containing sub-MIC of AgNPs and another tube of broth containing sub-MIC of CAZ for 30th generation passage testing. The screening test for investigating the resistance induction was then performed. Interestingly, we first found that B. pseudomallei was efflux pump active in the case of testing with CAZ but revealed an efflux pump inhibiting effect against AgNPs. Ethidium bromide (EtBr) has been reported as the substrate in many efflux pump systems in both Gram-positive and Gram-negative bacteria. Thus, it has been used to intrinsically evaluate efflux pump activity in Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), Klebsiella pneumoniae (K. pneumonine), Pseudomonas aeruginosa (P. aeruginosa) and Burkholderia species [53,54,55]. Bacteria could develop resistance by using transport proteins involved in the extrusion of antibiotics out of the cell. The expression of efflux pumps of antibiotics from the cellular milieu has been described in many reports as one of the major resistance mechanisms [56]. In the case of being efflux pump active in all strains of B. pseudomallei tested with CAZ, this result was similarly reported by Podnecky et al. [55] who stated that B. pseudomallei has an efflux pump system called the resistance nodulation cell division (RND) family which is a significant player in several drug resistances. According to the interesting results from our study, we found an efflux pump inhibiting effect of AgNPs against all strains of B. pseudomallei. To date, previous reports have proved that the use of metal NPs can cause the loss of proton motive force (PMF), which is essential for the normal functioning of many bacterial efflux pumps [57]. The study documented by Mishra et al. [58] found that AgNPs exhibited modulatory effects on the AcrAB-TolC efflux pump in MDR Enterobacter cloacae. Moreover, AgNPs also disrupted the MexAM-OPrM efflux pump kinetics in P. aeruginosa by terminating the proton gradient and deteriorating the PMF of the efflux pump system [59].



However, the phenomenon of resistance induction still did not show in the 30th generation in both CAZ and AgNPs. In this study, we focused on AgNPs, and the phenomenon of slow resistance induction might occur from the strong antibacterial activity of AgNPs together with tannic acid capping as a potential stabilizer [19]. Many studies have documented that bacteria could not develop resistance to AgNPs when compared with antibiotics, as the AgNPs can attach directly with multiple targets in the bacterial cell, causing the bacterial cell difficulty in developing resistance. This mechanism has been confirmed [60,61]. The resistance induction result from this study is consistent with a previous report on tannic acid acting as an efflux pump inhibitor (EPI), otherwise known as a resistance modulator. It is effective to use this EPI as a capping agent against resistant strains when culturing the bacteria in sub-MIC prolonged exposure to antimicrobial agents [20]. In a previous supportive study, the antibacterial agents combined with an EPI could enhance antibacterial activity and reduce the frequency of resistant induction incidence [55]. Here, we found an interesting new finding that has never been documented. Tannic acid-stabilized silver nanoparticles exhibited effective antibacterial, antibiofilm efficacy, as well as slowly inducing resistance. Furthermore, they act as a prolonged efflux pump inhibitor against CAZ nonresistant, moderately resistant, and highly resistant isolates of B. pseudomallei after prolonged exposure to sublethal concentrations.




4. Materials and Methods


4.1. Bacterial Strain and Culture Media


Three strains of B. pseudomallei were kindly provided by Dr. Suwimol Taweechaisupapong, from the Melioidosis Research Center, Faculty of Medicine, Khon Kaen University (Khon Kaen, Thailand). The bacterial culture media used mainly in this research were Muller Hinton Broth (MHB, HiMedia Laboratories Pvt. Ltd., Bengaluru, India).




4.2. Antibacterial Agents and Preparations


Antimicrobial peptides (AMPs), both LL-37 and LL-31, were purchased from GL Biochem (Shanghai, China). All AMPs were prepared in sterile deionized water at 2.5 mg/ml as stock solution, then aliquoted and stored at −20 °C. One of the AMP stock aliquots was serially diluted by two-fold dilution in the range at a final concentration of 4–512 µg/mL. These AMP solution tubes were kept at −4 °C until use. Tannic acid stabilized AgNPs were given by our collaborator Prime Nanotechnology Co., Ltd. (Bangkok, Thailand) with a stock concentration of 10,000 mg/L. For AgNP solution preparation in our experiments, 1 mg/ml as a stock solution was prepared in sterile deionized water. AgNPs were then serially diluted by two-fold dilution in the range of final concentrations of 4–512 µg/mL, then kept at room temperature until used. Ceftazidime antibiotic (CAZ) was kindly provided by the Melioidosis Research Center, Faculty of Medicine, Khon Kaen University (Khon Kaen, Thailand). The preparation procedure of CAZ was the same method as the preparation method above.




4.3. Characterization of AgNPs


AgNPs were prepared in sterile deionized water (DI) and diluted to reach the final concentration of 128 µg/ml. The plasmon extinction spectra of AgNPs were performed by UV-Vis spectrophotometer (SpectraMax M5 Multi-Mode microplate readers, Molecular Devices, San Jose, CA, USA). The AgNPs were dropped on Formvar/carbon coated-copper grid (200 mesh) and dried overnight in a desiccator before TEM observation. Transmission electron micrographs of AgNPs were produced under the transmission electron microscope (Hitachi Model H-7650, Hitachi, Tokyo, Japan) operating at 100 kV. The dimensions of AgNPs were analyzed by Image J software, Java developed by the National Institute of Mental Health [62]. AgNPs were added in disposable zeta cells with gold electrodes at room temperature for size and zeta potential distribution analysis. Size distributions and zeta potentials of AgNPs were measured by Zetasizer Nano ZS. (Malvern, England).




4.4. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) Determination by Broth Microdilution and Resazurin Colorimetric Assay


MICs and MBCs of all antimicrobial agents against B. pseudomallei (strain 1026b) and E. coli (O157: H7, used as a comparative reference bacteria) were performed by the broth microdilution method recommended by the Clinical and Laboratory Standards Institute [63] and described by Irazazabal, et al. [64]. Briefly, bacterial cultures were adjusted in MHB to McFarland 0.5 turbidity standard (to reach 1–5 × 105 CFU/mL). The equal volume of each antibacterial agent (50 µL) at a final concentration of 4, 8, 16, 32, 64, 128, 256, 512 µg/mL and bacterial solution (50 µL) were added in each well of the 96-well plate. Ceftazidime antibiotic was used as a positive control. The plate was then incubated in an incubator at 37 °C for 18–24 h. MIC and MBC determination in different strains of B. pseudomallei (1026b, H777 and 316c) with broth microdilution and resazurin colorimetric assay were proposed by Silveira, et al. and Teh, et al. [65,66]. Broth microdilution was carried out with the same procedure as above. After overnight incubation, 0.01% resazurin (7-hydroxy-3H-phenoxazine-3-one 10-oxide; Sigma-Aldrich) was added to all wells and incubated at 37 °C for another 4 h. The color change was observed. The lowest concentration before the color change was determined as the MIC, the blue color represented no growth of bacteria and the pink one meant bacterial survival. The tests were performed in at least two independent experiments in triplicates.




4.5. Serial Colony Plate Counting Assay


For MIC and MBC test of various antibacterial agents against E. coli (O157:H7) and B. pseudomallei (1026b), colony counting assay was performed according to the method of Sengyee, et al. [67]. After 18–24 h incubation, the treated bacterial solution in each well was measured by serial colony plate counting assay. Briefly, 10 µL of no turbidity in the well was dropped on Muller Hinton Agar (MHA) and incubated overnight at 37 °C. The MIC was defined as the lowest concentration which could inhibit 99% of bacterial growth, whilst MBC was defined as the lowest concentration which could inhibit 100% of bacterial growth. Colonies were counted and calculated for the percentage of inhibition from:


   Inhibition   % =   [  1 −  (      CFU   test       CFU   control      )   ]     ×   100 %   



(1)







Each MIC and MBC was carried out in two independent experiments performed in triplicates.




4.6. Time-Kill Kinetics Assay


The kinetics of time-kill change of antibacterial agents against three different strains of B. pseudomallei and E. coli (O157:H7) was used to determine the potential of each antibacterial agent in killing, along with the bacterial growth curve following the procedure established by Pankey, et al. [68]. The single colony of B. pseudomallei and E. coli was cultured in Muller Hinton Broth (MHB) overnight at 37 °C. The overnight bacterial solution was then subcultured into 5 mL fresh MHB and further incubated for 1.5–2 h at 200 rpm to yield the mid-log growth phase. The 1% inoculum was adjusted into fresh MHB and 250 µL of the final concentration of 1–5 × 105 CFU/ml of bacterial solution was added into equal volumes of 250 µL of each antibacterial agent. The solution with treated bacteria was incubated at 37 °C and shaken at 180 rpm in a shaking incubator. The time-kill kinetics was determined at the time points of 0, 30 min, 1, 3, 5 and 24 h. Serial 10-fold dilution was used to count the bacteria at each time point. Bactericidal activity was defined as a reduction of 99.9% or ≥ 3 log10 CFU/mL when compared with untreated control.




4.7. Biofilm Inhibition by Crystal Violet Assay


Crystal violet assay is a colorimetric measurement used to stain and quantify the biofilm. Biofilm inhibition of AgNPs against B. pseudomallei strain H777 and 316c were performed by crystal violet assay adapted from Kunyanee, et al. [69]. Briefly, bacteria were cultured in fresh prepared Modified Vogel Bonners medium (MVBM) at 37 °C in a shaking incubator at 200 rpm. Two percent v/v inoculum was then transferred to fresh MVBM and incubated for another 18 h. After 18 h incubation, bacterial suspension was adjusted to reach OD540nm at 0.08. Then, 200 µL of bacterial suspension was added into a 96-well plate and incubated for another 3 h at 37 °C. Nonadhering cells were removed, then replaced with fresh MVBM, and incubated further at 37 °C. After 21 h incubation, they were washed three times with sterile distilled water. The concentration of AgNPs and CAZ in the range of 2–256 µg/mL was added into a 96-well plate and incubated overnight at 37 °C. After that, they were washed three times with distilled water and attached bacteria were fixed with absolute methanol for 15 min. After being air-dried, the attached biofilms were stained with 2% w/v crystal violet for 15 min. Dye bound cells were then solubilized with 33% v/v glacial acetic acid. Each well was colorimetrically measured at 630 nm. The percentage of biofilm inhibition was calculated from:


   biofilm   inhibition % =   [     (    OD   control   −   OD   test    )      OD   control      ]    ×    100 %   



(2)




as proposed by Lemos, et al. [70].




4.8. Resistance Induction Study


To investigate resistance induction of bacteria after prolonged exposure with a sublethal concentration of AgNPs, B. pseudomallei strains 1026b, H777 and 316c were treated by frequent passaging in MHB, supplemented with a sublethal dose below MIC (¼ MIC of AgNPs and ¼ MIC of CAZ used as control) adapted from Elbehiry, et al. [71]. Each independent lineage was passaged in MHB supplemented with sub-MIC (¼ MIC) of AgNPs at 10-day intervals for the 30th generation passage. Culture purity was tested every 10 passages on Ashdown’s selective media specific for B. pseudomallei. The MIC values before passage and MIC after the 30th generation passage of AgNPs were determined by Re-MIC assay.




4.9. Phenotypic Efflux Pump Activity and Efflux Pump Inhibition Detection by EtBr-Cartwheel Assay


In the bacterial cell, ethidium bromide (EtBr, Sigma-Aldrich) has been recognized as a substrate for many efflux pump systems. The cartwheel method is a simple phenotypic test to detect the efflux pump activity of bacteria in pumping EtBr out of the cell and was used in this study according to the procedure of Anbazhagan, et al. [54]. Muller Hinton agars containing EtBr in the range of 0–2.5 µg/mL were freshly prepared on the day of the experiment. A final concentration of approximately 106 CFU/mL of B. pseudomallei (1026b, H777 and 316c) was swabbed on the MHA-EtBr plate in a cartwheel pattern from the center to the margin of the plate. All tested plates were kept in the dark with overnight incubation at 37 °C. The plates were then visualized under UV transilluminator (Dark Reader DR46B transilluminator, Clare Chemical Research, CO, USA). No fluorescent emission was considered as being efflux pump active. For efflux pump inhibiting effect determination, an alternative agent acting as an efflux pump inhibitor (EPI) can cause EtBr accumulation within the bacterial cell and show fluorescent emission under UV light. To test the efflux pump inhibiting effect of AgNPs, a cartwheel assay was performed with the slight modification described by Christena, et al. [27]. MHA plates were supplemented with 2 µg/mL EtBr and ¼ MIC concentration of AgNPs or CAZ (used as control). B. pseudomallei strains 1026b, H777 and 316c were cultured in MHB containing ¼ MIC concentration of AgNPs and CAZ and incubated at 37 °C overnight. Bacterial suspension was adjusted to 0.5 McFarland standard turbidity, treated with fresh MHB containing ¼ MIC of AgNPs and CAZ for another 1 h. The treated bacteria were then swabbed in a cartwheel pattern, incubated and detected under UV light with the same procedure mentioned above. Efflux pump inhibiting effect can be detected when fluorescent emission is shown under a UV transilluminator.




4.10. Efflux Pump Inhibition Evaluation and Fold Reduction in MIC by Microdilution Assay


For quantitative evaluation of efflux pump inhibition of AgNPs, microdilution assay was assessed with the slight modification previously described by Behdad, et al. and Silverira, et al. [28,65]. AgNPs, CAZ and EtBr were prepared in the concentration range of 0.125 to 512 µg/mL. MIC determination of all agents was tested in 96-well plates and incubated overnight at 37 °C. After incubation, 0.01% resazurin was added at 10 µL in each well and incubated for another 3 h. The efflux pump inhibiting effect is determined when the MIC value of AgNPs with EtBr is lower than the MIC value of EtBr alone.




4.11. Statistical Analysis


All experiments were performed with at least two independent experiments in triplicate. All results are shown as mean ± standard deviations (SD) and were analyzed using Statistical Package for the Social Science (SPSS) version 16.0 (SPSS Inc., Chicago, IL, USA).





5. Conclusions


AgNPs were characterized and assessed for antimelioidosis activity against melioidosis pathogenic bacteria. The characterization of AgNPs by UV-Vis spectroscopy showed the maximum absorption band at 420 nm. The average size of AgNPs was 7.99 ± 1.46 nm with a spherical shape, well-monodispersed and having high stability in solution. In our study, AgNPs possess efficient antibacterial activity and biofilm inhibition against both susceptible and CAZ-resistant strains of B. pseudomallei. They showed efficient activity against CAZ-resistant strains with a fast-killing mode via bactericidal effect within 30 min. Interestingly, resistance development was not induced in B. pseudomallei toward AgNPs. In addition, these NPs still exhibited a strong efflux pump inhibiting effect against these pathogens even after prolonged exposure for 30 passages in sublethal dose conditions. To the best of our knowledge, AgNPs have the potential to be developed as an alternative agent for melioidosis treatment due to their antimelioidosis action, slowly induced resistance, as well as effective efflux pump inhibitor properties.
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Figure 1. Physicochemical characterization of silver nanoparticles: (a) UV-Vis spectra of silver nanoparticles at 420 nm, inset: the dark yellow color of AgNPs; (b) transmission electron micrograph (TEM) of AgNPs showing the NPs spherical shape; (c) the average size of 7.99 ± 1.46 nm (n = 137); (d) and the EDX spectrum of AgNPs. 
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Figure 2. Dynamic Light Scattering (DLS) measurement of silver nanoparticles (AgNPs): (a) size distribution graph of AgNPs at 101.13 ± 0.85 nm; (b) and zeta potential of AgNPs at −47.63 ± 5.79 mV; (c) the simple structural model of tannic acid stabilized AgNPs molecules (pH = 5.94). 
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Figure 3. % killing of antibacterial agents, LL-37, LL-31, and AgNPs. CAZ, AgNO₃ and tannic acid (TA) were used as the positive control): (a) against Escherichia coli (O157: H7); (b) and B. pseudomallei (1026b). Data are represented as mean and standard deviation of two independent experiments performed in triplicate (n = 6). % killing was calculated from [1−(CFUsample/CFUcontrol)] × 100%. 
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Figure 4. Time-kill kinetics assay of antibacterial agents (LL-37, LL-31, AgNPs and ceftazidime used as a positive control): (a) against E. coli O157: H7; (b) and B. pseudomallei 1026b. Bacterial suspensions were incubated with each antibacterial agent at a final concentration of 64 µg/ml at time points of 0, 0.5, 1, 2, 3, and 24 h. The bactericidal effect was defined as ≥ 3 log₁₀ CFU/mL compared with untreated control. Data represent mean value ± SD (error bar) from two independent experiments carried out in triplicate (n = 6). 
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Figure 5. Time-kill kinetics assay of AgNPs and CAZ: (a) against B. pseudomallei (1026b); (b) H777; (c) and 316c. The bacterial suspension was performed at the time points of 0, 0.5, 1, 3, 5 and 24 h. The bactericidal effect was defined as ≥3 log₁₀ reductions in the colony-forming unit (CFU/mL), compared with untreated control. Data are represented as mean value ± SD (error bar) from two independent experiments carried out in triplicate (n = 6). 
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Figure 6. The effect of AgNPs and CAZ on inhibition of established biofilm against both CAZ-resistant strains: (a) B. pseudomallei (H777); (b) and 316c. Data are represented in mean ± SD from at least two independent experiments (n = 5). 
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Figure 7. Phenotypic efflux pump activity of B. pseudomallei by EtBr-agar cartwheel assay: (a) 0% EtBr agar (control); (b) 2 µg/mL EtBr agar. Broth conditions for 30th generation passage: image overlay: a) B. pseudomallei 1026b in untreated control broth; b) broth supplemented with ¼ MIC of CAZ; c) broth supplemented with ¼ MIC of AgNPs. For H777: d) untreated control broth; e) broth supplemented with ¼ MIC of CAZ; f) and broth supplemented with ¼ MIC of AgNPs. For 316c: g) untreated control broth; h) broth supplemented with ¼ MIC of CAZ; i) and broth supplemented with ¼ MIC of AgNPs. 
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Figure 8. Phenotypic efflux pump inhibiting effect of antibacterial agents: (a–c) 2 µg/mL EtBr-agar supplemented with ¼ MIC of CAZ; (d–f) 2 µg/ml EtBr-agar supplemented with ¼ MIC of AgNPs; (a,d) against B. pseudomallei strain 1026b; (b,e) H777; (c,f) and 316c. Broth conditions for 30th bacterial generations passage: (inset, a–c) B. pseudomallei in broth supplemented with ¼ MIC of each agent; (inset, d–f) and B. pseudomallei in untreated control broth. 
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Table 1. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of antibacterial agents against E. coli (O157:H7) and B. pseudomallei (1026b) after 20 h incubation at 37 °C, performed with the microdilution method and colony plate counting assay.
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Antibacterial Agents

(µg/mL)

	
Escherichia coli

(strain O157:H7)

	
Burkholderia pseudomallei

(strain 1026b)




	

	
MIC 2

	
MBC 3

	
MIC

	
MBC






	
LL-37

	
32

	
32

	
>64

	
>64




	
LL-31

	
32

	
64

	
>64

	
>64




	
AgNPs

	
16

	
16

	
32

	
32




	
AgNO3

	
4

	
4

	
16

	
16




	
Tannic acid (TA)

	
>512

	
>512

	
>512

	
>512




	
Ceftazidime (CAZ) 1

	
2

	
2

	
2

	
2








1 CAZ was used as a standard antibacterial agent; 2 MIC was defined as the lowest concentration of agent that could inhibit >99% of bacterial growth; 3 MBC was defined for 100% inhibition of bacteria.
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Table 2. MIC and MBC of AgNPs and CAZ against B. pseudomallei strains 1026b, H777 and 316c after 20 h incubation at 37 °C performed with the microdilution method and resazurin colorimetric assay.
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Antibacterial Agents

(µg/mL)

	
B. pseudomallei

(Strains)




	
1026b 1

	
H777 2

	
316c 3




	

	
MIC

	
MBC

	
MIC

	
MBC

	
MIC

	
MBC






	
AgNPs

	
32

	
32

	
64

	
128

	
64

	
128




	
AgNO₃

	
16

	
16

	
16

	
16

	
16

	
16




	
Tannic acid (TA)

	
>512

	
>512

	
>512

	
>512

	
>512

	
>512




	
Ceftazidime (CAZ)

	
2

	
2

	
4

	
4

	
64

	
128








1 CAZ nonresistant isolate; 2 CAZ moderately resistant isolate; 3 CAZ highly resistant isolate.
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Table 3. Agents used in this study for evaluation as an efflux pump inhibitor (EPI) on the activity of EtBr, MIC of each agent before and after 30th generation passage with sublethal concentration against B. pseudomallei strain 1026b, H777 and 316c. Data represent three independent experiments.
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Bp Strain

	
Agents Used for Evaluation as an EPI

	
MIC Before Passage

	
MIC After 30th Passage




	
MIC of Agent (µg/mL)

	
MIC of EtBr (µg/mL)

	
Reduction

(n-fold) in

EtBr MIC

	
MIC of Agent (µg/mL)

	
MIC of EtBr (µg/mL)

	
Reduction (n-fold) in

EtBr MIC




	
Without Agent

	
With Agent

	
Without Agent

	
With Agent






	
1026b

	
Ceftazidime

	
2

	
128

	
32

	
4

	
2

	
128

	
32

	
4




	

	
AgNPs

	
32

	
128

	
8

	
16

	
32

	
128

	
8

	
16




	
H777

	
Ceftazidime

	
4

	
128

	
32

	
4

	
4

	
128

	
32

	
4




	

	
AgNPs

	
64

	
128

	
16

	
8

	
64

	
128

	
16

	
8




	
316c

	
Ceftazidime

	
64

	
128

	
32

	
4

	
64

	
128

	
32

	
4




	

	
AgNPs

	
64

	
128

	
32

	
4

	
64

	
128

	
32

	
4
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