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Abstract

:

The present study aimed to investigate the ability of Lactobacillus plantarum TA4 in tolerating Ag+ and its ability to produce silver nanoparticles (AgNPs). The biosynthesized AgNPs were characterized using UV–Visible spectroscopy (UV–Vis), dynamic light scattering (DLS), Fourier-transform infrared (FTIR), and high-resolution transmission electron microscope (HR-TEM). The cell biomass of L. plantarum TA4 demonstrated the ability to tolerate Ag+ at a concentration of 2 mM, followed by the formation of AgNPs. This was confirmed by the visual observation of color changes and a presence of maximum UV–Vis absorption centered at 429 nm. HR-TEM analysis revealed that the AgNPs were spherical with an average size of 14.0 ± 4.7 nm, while the SEM-EDX analysis detected that the particles were primarily located on the cell membrane of L. plantarum TA4. Further, DLS analysis revealed that the polydispersity index (PDI) value of biosynthesized AgNPs was 0.193, implying the monodispersed characteristic of NPs. Meanwhile, the FTIR study confirmed the involvement of functional groups from the cell biomass that involved in the reduction process. Moreover, biosynthesized AgNPs exhibited antibacterial activity against Gram-positive and Gram-negative pathogens in a concentration-dependent manner. Furthermore, the antioxidant property of biosynthesized AgNPs that was evaluated using the DPPH assay showed considerable antioxidant potential. Results from this study provide a sustainable and inexpensive method for the production of AgNPs.
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1. Introduction


Silver nanoparticles (AgNPs) have been established in biomedical and biological applications as one of the promising nanoparticles due to their unique physical and chemical properties, including anticancer, drug delivery, and antimicrobial agents [1,2]. AgNPs have been reported to inhibit the growth of Gram-positive and Gram-negative pathogens [1]. The bactericidal properties of AgNPs may be attributed to the release of Ag+ [3], which is toxic to microorganisms. In this regard, AgNPs have been exploited as antimicrobial agents in wound dressing, topical cream [4], and food packaging [5]. Moreover, the unrestricted use of conventional antibiotics is a critical factor in the production of resistance and the acquisition of drug resistance genes contributing to multidrug resistance [6]. Consequently, the use of AgNPs can potentially reduce the antibiotic resistance problem [7].



Over the last decade, the demand for sustainable alternatives to the conventional synthesis of AgNPs production has increased. The production of AgNPs is attained by physical and chemical methods that produce desirable size, shape, and better yield of NPs. Conventional methods, however, had significant drawbacks of high-cost production besides generating hazardous waste that causes environmental pollution. Therefore, it is imperative to look at other alternatives that are more sustainable and environmentally mild.



Generally, the NPs synthesis process employing biological entities such as microorganisms has received considerable attention as an alternative to conventional methods. Microorganism-mediated NP synthesis provides an eco-friendly, simple, low-cost approach that, most importantly, does not involve any hazardous chemical. Bacteria are vastly utilized in the synthesis of NPs because they are reproducible and considered a promising nanofactory for various kinds of NPs, including gold, zinc, silver, and selenium nanoparticles [8,9]. Certain bacteria possess unique cellular strategies for the production of NPs through the detoxification process of metal ion, mainly by metal ion biosorption and bioaccumulation [10]. Studies have confirmed that the ability of bacteria to produce NPs are highly dependent on their ability to resist the metallic ion. In particular, bacteria protect themselves from the harmful effects of metallic ion by reducing the ion into NPs with the aid of the cell membrane structure and biomolecules secreted by the cell [11,12]. The bacterial cell membrane is composed of numerous functional groups that act as a ligand for the metallic ion [13] and site for the formation of NPs. Some studies reported the isolation of metal-tolerant microorganisms from metal-rich ecological niches to synthesize NPs. Jain et al. [14] reported zinc-tolerant Aspergillus aureus NJP12 isolated from the zinc mine area demonstrated interactions between its metal resistance ability and its NPs synthesis potential. Likewise, the soil fungus Cladosporium oxysporum AJP03, which was isolated from a metal-rich district, exhibited gold metal tolerance and simultaneously produced gold nanoparticles [15]. Therefore, the ability of microorganisms to interact with metal ion enables them to act as the nanofactory of NPs.



Several studies have been conducted on the biosynthesis of AgNPs using lactic acid bacteria (LAB), particularly probiotic bacteria. LAB are Gram-positive non-pathogenic bacteria widely found in milk and fermented food products. This bacteria also exhibit health-promoting properties [16] for human and animal consumption. Studies also indicated LAB as a promising reducing agent for AgNPs production, e.g., Rajesh et al. [17] demonstrated that the supernatant of Lactobacillus acidophilus for AgNPs synthesis produced spherical-shaped particles size ranging from 4 to 50 nm. Likewise, numerous studies reported using LAB supernatant as a reducing agent for the synthesis of AgNPs [17,18,19,20]. Moreover, it was claimed that by manipulating the bacterial supernatant, the downstream processing during the AgNPs synthesis would become more straightforward and effortless [21]. However, the study using cell biomass from the LAB for the production of AgNPs is scant. Research into the ability of LAB cell biomass as a nanofactory may also shed some light on its potential application in decontamination and bioremediation applications.



In this present study, the biosynthesis of AgNPs was investigated using the cell biomass of probiotic Lactobacillus plantarum TA4. The probiotic strain was isolated from local fermented food (“tapai pulut”) in our previous study, which demonstrated zinc-tolerant properties at a higher concentration and simultaneously developed zinc oxide nanoparticles (ZnO NPs) [10]. Therefore, based on our prior findings, here we demonstrate the potential of cell biomass of L. plantarum TA4 to interacts with Ag+ and its potential to produce AgNPs. The ability of L. plantarum TA4 to tolerate various Ag+ concentrations were determined, and the formation of AgNPs was checked by UV–Visible spectroscopy. Later, the resulting AgNPs were characterized by dynamic light scattering (DLS), Fourier-transform infrared (FTIR), and high-resolution transmission electron microscope (HR-TEM). The biopotential applications such as antimicrobial and antioxidant activity were also investigated.




2. Materials and Methods


2.1. Materials


A 10 mM stock solution of silver nitrate (AgNO3) was prepared by dissolving AgNO3 in deionized water and was filter-sterilized using a disposable syringe filter (polyethersulfone membrane pore size 0.22 µm) (Whatman International, Maidstone, UK) before use. Zinc-tolerant probiotic Lactobacillus plantarum strain TA4, which was isolated from our previous work, was used for this study. The probiotic was cultivated in de Man, Rogosa, and Sharpe (MRS) (Oxoid™) medium. The composition of MRS broth are as follow (g/L); peptone, 10.0; Lab-Lemco powder, 8.0; yeast extract, 4.0; glucose, 20.0; dipotassium hydrogen phosphate, 2.0; sodium acetate, 5.0; triammonium citrate, 2.0; magnesium sulfate, 0.2; and manganese sulfate, 0.05. All reagents used were of analytical grade.




2.2. Bacterial Culture and Biomass Extraction


L. plantarum strain TA4 was grown overnight in the 100 mL of MRS medium and incubated at 37 °C with 150 rpm agitation. After incubation, biomass was harvested by centrifugation (2800× g for 10 min), and the supernatant was discarded. The collected biomass was washed thrice with phosphate-buffered saline (PBS), and the obtained biomass was used for the biosynthesis of AgNPs.




2.3. Determination of Maximum Tolerable Concentration (MTC) against Ag+


To determine the maximum tolerable concentration (MTC) value of L. plantarum TA4 towards silver ion, method described by Presentato et al. [22] was followed with some modification. About 2 g of wet biomass of the strain TA4 (1.2 × 106 colony forming unit per mL (CFU/mL)) was suspended in 100 mL aqueous solution of silver ion (Ag+). The bacterial cell was exposed with an increasing concentration of Ag+ (1, 2, 4, 6, 8, and 10 mM) to assess the L. plantarum TA4′s silver-tolerance potential. The suspension was incubated overnight at 37 °C, and the cell viability was determined by a spot plating technique. In brief, the bacterial suspension was serially diluted and then was spotted onto MRS agar plate for each of the tubes. The MTC was defined as the maximum concentration of Ag+ inhibiting the growth of bacteria. The experiments were performed in triplicates. The MTC result was used for the biosynthesis process in the subsequent study.




2.4. Biosynthesis of Silver Nanoparticles (AgNPs) Using L. plantarum TA4


The biosynthesis of AgNPs was performed following the method described by Thomas et al. [23] and Markus et al. [9] with some modifications. About 2 g of wet biomass of the strain TA4 was suspended in 100 mL of sterilized deionized water containing 2 mM of Ag+ concentration. The suspension was then incubated at 37 °C for 24 h with an agitation of 150 rpm in the dark. After the incubation time, the resulting dark brown solution was centrifuged at high speed (18000× g for 30 min) to collect the biomass and biosynthesized AgNPs. The dark brown, collected biomass was washed with buffer and resuspended in sterilized deionized water. To obtain the biosynthesized AgNPs, the suspension was subjected to ultrasonication cycles to disrupt the biomass cell and centrifuged (2800× g for 15 min) to obtain the AgNPs that were dispersed in the suspension (the pellet was discarded). For the antibacterial and antioxidant assessment, the colloidal form of biosynthesized AgNPs was subjected to freeze-drying to obtain a dry powder form. Figure 1 shows the biosynthesis process, characterization, and assessment for biopotential applications of AgNPs.




2.5. Characterization of Biosynthesized AgNPs


The reduction of Ag+ to AgNPs in the aqueous solution was monitored using a UV–Visible spectroscopy (Uviline 9400, Secomam, Alès, France) within the range of 300 to 600 nm. The UV–Visible spectra of AgNO3 solution (1 mM) without cell biomass was used as control. The presence of functional groups on AgNPs was determined by Fourier-transform infrared spectra (FTIR) in the range of 4000 to 400 cm−1 at a resolution of 4 cm−1 using Nicolet 6700 (Thermo Fisher Scientific, Madison, US), and the transmittance spectrum was recorded. The colloidal solution of AgNPs and dried cell biomass of L. plantarum TA4 (control) were used for the analysis. The hydrodynamic size and polydispersity index (PDI) of biosynthesized AgNPs were determined by dynamic light scattering (DLS) using a Nano S (Malvern Instruments, Malvern, UK). Briefly, the colloidal solution of AgNPs in cuvettes was measured, and the values were generated using the software equipped with the instrument. The morphology and size of biosynthesized AgNPs were analyzed using a high-resolution transmission electron microscope (HR-TEM). A drop of AgNPs sample was placed on a copper grid and air-dried before viewing using JEM-2100F (Jeol, Tokyo, Japan). The particle size distribution of biosynthesized AgNPs was measured using the ImageJ version 2.0 software (NIH).




2.6. Scanning Electron Microscope (SEM) and Energy Dispersive X-ray (EDX) of L. plantarum TA4 Exposed to Ag+


SEM-EDX analysis was performed to investigate the formation of AgNPs on the cell membrane of L. plantarum TA4. Briefly, strain TA4 was grown overnight in MRS broth at 37 °C, and the cell biomass was collected by centrifugation at 2800× g for 10 min. The collected cell biomass was washed with phosphate-buffered saline (PBS) three times. Subsequently, the cell biomass was added to the Ag+ aqueous solution at a concentration of 2 mM and incubated in the dark at 37 °C for 24 h. The color change at the end of the incubation time indicated the formation of AgNPs, and the cell biomass was collected by centrifugation and washed according to the described procedure. The biomass was subjected to sample processing for SEM. In brief, the cells were fixed in 2.5% glutaraldehyde for 4 h at 4 °C and washed thrice with 0.1 M sodium cacodylate buffer before being post-fixed with 1% osmium tetraoxide for 2 h at 4 °C. Afterwards, the cells were washed again with the buffer and dehydrated with graded acetone series (35, 50, 75, 95, and 100% with 10 min per step). The dehydrated cell was then subjected to critical point-dried before mounted on the stub and coated with gold film in the sputter coater. The SEM observation was performed using JEOL JSM-6400 equipped with an EDX spectrometer. The EDX analysis was used to determine the elemental silver present on the cell membrane.




2.7. Antibacterial Assay of Biosynthesized AgNPs


The antibacterial assessment of biosynthesized AgNPs was performed by agar well diffusion method against Gram-positive (Staphylococcus aureus and Staphylococcus epidermidis) and Gram-negative (Escherichia coli and Salmonella sp.) pathogens. The powder form of biosynthesized AgNPs was suspended in sterilized deionized water before use. The inoculum of each pathogen was grown overnight in nutrient broth at 37 °C. Sterilized swabs were used to streak each pathogen onto the nutrient agar. Simultaneously, wells were punched with sterile borer and about 100 µL of biosynthesized AgNPs at different concentrations (12.5, 25, 50, 100, and 200 µg/mL) were added to each well. The plate was incubated at 37 °C for 24 h, and the diameter of the inhibition zone was measured. The experiment was performed in triplicates.




2.8. Antioxidant Activity of Biosynthesized AgNPs


The antioxidant activity of biosynthesized AgNPs was determined by 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging assay (RSA) according to the method of Safawo et al. [24] with some modification. Briefly, 1 mL of 0.1 mM DPPH (3.94 mg dissolved in 100 mL methanol) was added to 1 mL aliquot of different concentration (31.3, 62.5, 125, 250, 500, and 1000 µg/mL dispersed in methanol) of biosynthesized AgNPs. The mixture was vortexed thoroughly and incubated in the dark for 30 min. The absorbance was recorded at 517 nm using a UV–Visible spectroscopy (Uviline 9400, Secomam, Alès, France) at the end of the incubation. DPPH without sample was used as the control, and methanol was used as the blank. The same procedure was carried out using ascorbic acid as a standard antioxidant. The percentage of DPPH scavenging activity was calculated by the following formula:


  R S  A  D P P H   =    A  c o n t r o l   −    A  t e s t      A  c o n t r o l       ×   100  












2.9. Statistical Analysis


Data from antioxidant activity were analyzed by one-way analysis of variance (ANOVA) and the comparison between groups was performed using Tukey’s test to determine statistical significance. Statistical analysis was performed using Graphpad Prism version 7.0 software (La Jolla, California, USA). The significance was set at p < 0.05.





3. Results and Discussion


3.1. Maximum Tolerable Concentration (MTC) of L. plantarum TA4 against Ag+


The research on the use of bacteria for the biosynthesis of NPs has gained considerable attention in the last decade as an alternative to the conventional method. In general, not all bacteria can synthesize NPs. The synthesis of NPs depends on the ability of bacteria to resist the metal ion, where the bacteria tend to reduce the ion into respective NPs metal [25] under the metal stress. Some bacteria have been documented to tolerate metal ion and have the potential for metal NPs synthesis [10,14,22,26,27]. In our study, the cell biomass of L. plantarum TA4 demonstrated a MTC against Ag+ at 4 mM (based on cell growth). Moreover, no growth was observed beyond the MTC value, indicating the toxic effect of Ag+ to the cell (Figure 2a).



Further, the formation of AgNPs was confirmed using UV–Visible spectroscopy. The reduction of Ag+ into AgNPs was evaluated by recording the absorption spectrum of the reaction. UV–Visible spectra show no evidence of absorption in the range of 400 to 500 nm for the control suggests the absence of AgNPs. As presented in Figure 2b, a narrow absorption spectrum with a main band centered at 429 nm was obtained at a concentration of 2 mM, which corresponds to surface plasmon resonance (SPR) of AgNPs. Moreover, a broad absorption spectrum was observed at concentrations of 1, 4, 6, 8, and 10 mM with main bands centered at 441, 410, 335, 406, and 407 nm, respectively, which implies the formation of AgNPs. The results show that the SPR band intensity increased as the AgNO3 concentration increased from 1 mM to 2 mM and the band intensity began to decrease above this concentration (at concentration of 4, 6, 8, and 10 mM). The possible reason for this may be due to the toxic effect of high Ag+ concentration on cells that restricting the formation of NPs, resulting in only a limited amount of AgNPs produced (based on gradually changes of color from dark brown to transparent color). Furthermore, this behavior correlates with no viable cells (Figure 2a) obtained beyond 4 mM. Meanwhile, a broad absorption spectrum was obtained at Ag+ concentration of 1 mM compared to 2 mM which may be attributed to lower availability of Ag+ to react with the cells, resulting in less AgNPs production and consequently generating wider spectrum. However, the SPR band intensity was found to be higher at a concentration of 2 mM probably because the cells were able to tolerate with Ag+ and more AgNPs were produced resulting in increased band intensity.



It is clear that L. plantarum TA4′s capability to produce AgNPs depends on its ability to resist Ag+. Likewise, Bacillus strain CS11, which was isolated from heavy metal contamination areas, can form AgNPs when treated with 1 mM Ag+ [21]. Presentato et al. [22] also reported Rhodococcus aetherivorans BCP1 as having the ability to detoxify selenium ion at higher concentration and simultaneously produced selenium NPs. Nevertheless, L. plantarum TA4 exhibited lower resistance to Ag+ compared to other reported microorganisms [28]. Several studies have been done in the isolation of metal tolerance-microorganisms from ecological niches rich in metal for the synthesis of NPs [14,15]. In our study, L. plantarum TA4 was isolated from local fermented food, which explained its low resistance to Ag+. Further, based on the above explanation, it was suggested that the metal resistant ability of microorganisms is also depending on the species because each species has different metabolic process and defense mechanism related to their biochemical pathway to withstand such toxicity [25,29,30]. In this study, the L. plantarum TA4 demonstrated MTC value at 4 mM and showed a pronounced spectrum at a concentration of 2 mM. Hence, the Ag+ concentration at 2 mM was chosen for the synthesis of AgNPs in the subsequent study.




3.2. Biosynthesis of AgNPs Using L. plantarum TA4 Biomass


For the biosynthesis of AgNPs, the aforesaid method was performed. Similarly, the reduction of Ag+ to AgNPs was determined by visual observation correlated with color change. Figure 3a displays the reaction mixture of L. plantarum TA4 cell biomass in the Ag+ suspension (white) that turned dark brown after 24 h of incubation, suggesting the formation of AgNPs. It is well known that the color change is due to the excitation of SPR of the AgNPs. The UV–Visible absorption spectra analysis presented in Figure 3b revealed the maximum SPR excitation band of biosynthesized AgNPs centered at 429 nm, which is the typical peak obtained for AgNPs. The maximum absorption band obtained in this study is similar to the range reported in other studies [31,32].



While several studies have been conducted on the biosynthesis of AgNPs using a microbial source, a critical aspect to the development of a safe and non-pathogenic microbial platform is still lacking. A previous study by El-Shanshoury et al. [33] utilized the supernatant of E. coli for the synthesis of AgNPs. Likewise, Nanda and Saravanan [34] produced AgNPs with the culture supernatant of S. aureus. Both bacteria are recognized as common opportunistic pathogens that may pose safety issues during the AgNPs synthesis process. Therefore, this study exploited beneficial bacteria, L. plantarum TA4, in the production of AgNPs to overcome the problems that may arise when using pathogenic organisms. Lactobacillus is of particular interest due to its non-pathogenic feature and food-grade status, i.e., the “generally recognized as safe” (GRAS) bacteria confirmed not to exhibit any adverse effects on the individual handling it [25]. Microorganisms exhibit an inherent potential to synthesize AgNPs through either the culture supernatant or the cell biomass route. In contrast, several studies documented the biosynthesis process using culture supernatant, and fewer studies used the cell biomass of Lactobacillus. Microorganism-mediated synthesis of AgNPs employing Lactobacillus through various routes is presented in Table 1. It should be noted that biosynthesis using culture supernatant involved a nutrient in the culture medium that might facilitate the formation of AgNPs; hence, the exact identification of biomolecules involved in the synthesis process using culture supernatant is still uncertain. Nevertheless, in this study, we solely use cell biomass of L. plantarum TA4 for the biosynthesis process, which denotes the capability of the microorganism to synthesize AgNPs. Moreover, the AgNPs generated in this study are smaller than the other reported studies (Table 1) using the Lactobacillus species and on par with the route using cell culture supernatant, which underlines the significance of our finding.



Earlier studies indicated that the fundamental mechanisms for the formation of AgNPs were facilitated by the enzyme nitrate reductase [7,39], which involved the transfer of electrons from nitrate to the metal group [40]. Likewise, Wang et al. [41] reported that the reduction of selenium nanoparticles by Proteus mirabilis YC801 occurred by cytoplasmic enzymatic reduction involving thioredoxin reductase, glutathione reductase, or NADH-related reductase. On the other hand, Sintubin et al. [11] discovered the biosynthesis of AgNPs through the interaction of Ag+ with the functional groups present on the cell membrane of several Lactobacillus species. The AgNPs were observed to be distributed on the outer layer of the bacterial cell, as visualized by TEM [11]. As a Gram-positive bacteria, Lactobacillus is composed of a thick layer of peptidoglycan, polysaccharides, teichoic acids, and proteins that provide many anionic surface groups on the cell membrane [10,42]. When the cells are exposed to Ag+, the silver cation will bind to the anionic surface, providing sites for the biosorption [11]. At this point, Ag+ interacts with proteins and other functional groups of the cell that serve as an electron donor by reducing Ag+ to its respective metal atom (Ag0) and subsequently developing AgNPs. Moreover, proteins may also bind to AgNPs through free amino or carboxyl groups, which serve as capping agents [43]. Therefore, it can be postulated that biomolecules and functional groups present in bacterial cells or secreted by the bacteria serve as the reducing agents and promote the production of AgNPs. To sum up, the cell biomass of L. plantarum TA4 has demonstrated the potential as a nanofactory for the development of AgNPs without the use of harsh chemicals and high energy consumption. Subsequently, the formation of AgNPs was validated by FTIR analysis to determine the functional groups involved in the synthesis process.




3.3. Dynamic Light Scattering (DLS) Analysis


The hydrodynamic size and PDI of the biosynthesized AgNPs were investigated by DLS analysis in a colloidal solution. The average AgNPs size obtained is 74 ± 39 nm, with a PDI value of 0.193 (Figure 4), indicating the monodispersed nature of the formed AgNPs. DLS is one of the most commonly used techniques to measure the size characterization of NPs. Nevertheless, hydrodynamic size measurements obtained through DLS were not only conducted on the metallic core, but also with all substances that bind or covered the surface of NPs [44], which resulted in a bigger NPs sizes. Further explanation of the size characterization of AgNPs was discussed in the HR-TEM study.




3.4. FTIR Analysis


The FTIR spectra provide information of functional group or biomolecules on the surface of the biosynthesized AgNPs. In the present study, FTIR analysis was performed to identify the potential functional group in L. plantarum TA4 which responsible in the reduction and stabilization of AgNPs. The obtained FTIR spectrum is shown in Figure 5. Several intense bands are observed on the biosynthesized AgNPs at 3197, 2924, 1634, 1518, 1450, 1209, 1030, and 961 cm−1 (Table 2), whereas the cell biomass of L. plantarum TA4 showed intense bands at 3254, 1636, 1551, 1456, 1224, 1078, and 994 cm−1. The bands obtained from the cell biomass of L. plantarum TA4 were used as references, where the functional group was involved in the synthesis and stabilization process. A broad band located at 3197 cm−1 (was shifted from 3254 cm−1 in cell biomass) can be assigned to the stretching vibration of hydroxyl group (–OH) and amine group (N–H stretching vibration in primary and secondary amines of amino acids, peptides and proteins) [45] implied their involvement in the synthesis of AgNPs. The band at 2924 cm−1 corresponds to the C–H stretching vibration which not observed in the cell biomass, and the band at 1634 cm−1 could be attributed to C=O stretching of Amide I in addition to peptide bond which may involve in the stabilization of AgNPs as reported by Hamouda et al. [45]. Meanwhile, the intense band at 1518 cm−1 corresponds to Amide II (N-H2 deformation in primary amide and N–H bending and C–N stretching in secondary amide). The band at 1450 cm−1 could be assigned to C–H bending mode of methyl and methylene group in protein and same band was also observed in the cell biomass. Concurrently, the band of 1209 cm−1 in AgNPs (which was shifted from 1224 cm−1 in cell biomass) corresponds to C–N stretching and PO2- asymmetric stretching. Moreover, the band observed at 1030 cm−1 in AgNPs can be assigned to C–O stretching of carboxyl group, which was shifted from 1078 cm−1 in cell biomass. Lastly, the small band (994 cm−1 in cell biomass) shifted toward a lower wave number was observed at 961 cm−1, which can be assigned to the bending vibration of C=C group. In this study, the obtained functional groups on biosynthesized AgNPs (hydroxyl, protein, and carboxyl) verified the presence of biomolecules from the cell membrane of L. plantarum TA4, which was involved in the biosynthesis process.




3.5. SEM-EDX and HR-TEM Analysis


SEM-EDX analysis was carried out to reveal the formation of biosynthesized AgNPs by the cell biomass of L. plantarum TA4. Figure 6b shows the formation of particles outside the cell (indicated by the yellow arrow) compared to the control (Figure 6a). From the result, the formation of AgNPs occurred on the cell membrane of L. plantarum TA4. However, only a few particles are observed in Figure 6b which may be due to the effect of sample processing resulting in some particles washed away. From our previous study, we suggested that the functional groups and protein present on the cell membrane of L. plantarum TA4 facilitated the formation of NPs by serving as a binding site for metal ion before the development of NPs [10]. In our current study, a similar finding was reported, and this validated that the formation of metal NPs by L. plantarum TA4 cell was through the involvement of cell membrane. A similar observation was reported by Moreno-Martin et al. [46] employing L. reuteri in the biosynthesis of selenium NPs, which took place on the cell membrane. Additionally, they also reported that the formation of NPs was initiated by the exopolymeric substance (EPS) secreted by the bacteria. In this study, the extracellular formation of AgNPs was confirmed by EDX spectra, which revealed an elemental silver peak implying the presence of AgNPs (Figure 6c). Moreover, the observed other element peak signals by EDX spectra is due to the chemical used for sample processing and coating process with gold film. Overall, our findings suggested that the formation of AgNPs was facilitated by the functional group present on the cell membrane of L. plantarum TA4, which also corresponded to our FTIR results and other studies [35,46,47].



HR-TEM was performed to investigate the morphology and size distribution of biosynthesized AgNPs. Figure 6e,f indicate that the particles are predominantly spherical with an average particle size distribution ranging from 4.7 to 24.3 nm (Figure 6d), with an average size of 14.0 ± 4.7 nm. Moreover, the biosynthesized AgNPs were well dispersed without significant agglomeration. The average size obtained by TEM contradicted with the average size obtained using the DLS analysis, whereby a bigger size of AgNPs was documented in the latter.



Our DLS result showed that the average hydrodynamic size was approximately 70% (74 nm) higher than the size obtained using TEM. The difference in size obtained between DLS and TEM may be due to several factors. Technically, the DLS measurement analysis is mainly based upon the intensity of light scattered by NPs in the solutions. In this context, the average size obtained is the intensity-weighted mean diameter from the cumulants analysis, in which larger NPs may be weighted significantly compared to smaller NPs [48]. Furthermore, our FTIR results detected the presence of protein and other functional groups from strain TA4 on the surfaces of AgNPs. In this sense, the attachment of these organic molecules that encapsulated the NPs led to the increased NPs sizes. Moreover, the measurement of hydrodynamic diameter was calculated from the core of the NPs to the water shell that surrounds the NPs [44,48], while TEM analysis only measures the core of the NPs. Lastly, it was speculated that the significant increase in size might be attributed to the agglomeration of AgNPs in the suspension. Gosens et al. [49] reported that the size of NPs was increased up to four times when suspended in PBS due to the agglomeration of NPs. The resulting agglomeration state was affected by the pH and ionic strength of the aqueous suspensions, which subsequently led to the accumulation of NPs by weak van der Waals forces and the formation of large-size NPs in the DLS [49]. Nevertheless, the agglomeration of NPs is a reversible condition; it can be disrupted by the ultrasonication process. In our study, the suspension of AgNPs was not subjected to the ultrasonication process before the DLS analysis, which may have led to a significant increase in size through the agglomeration of AgNPs.




3.6. Antibacterial Activity of Biosynthesized AgNPs


The antibacterial activity of biosynthesized AgNPs was carried out using the agar well diffusion method (Figure 7a) against Gram-positive (S. aureus and S. epidermidis) and Gram-negative (E. coli and Salmonella sp.) pathogens employing various concentrations of AgNPs (12.5, 25, 50, 100, and 200 µg/mL). Figure 7b depicts the increased inhibition zone associated with the increase of AgNPs concentration, which may be due to more Ag+ being released at a higher concentration. It was found that the inhibitory effects of AgNPs against all tested pathogens were similar. Previous studies reported that the inhibitory effect of AgNPs was more pronounced on Gram-negative bacteria compared to Gram-positive bacteria due to the thickness of the cell wall and cell composition [50,51].



Although the efficacy of AgNPs as an antibacterial agent has been demonstrated, the exact mechanisms behind the operation have not been completely deciphered. The most common mechanism involved is the release of Ag+ from the AgNPs. AgNPs act in the same way as silver salt; however, the bactericidal activity of AgNPs and silver salt are at nanomolar and micromolar concentrations, respectively [52]. It is well documented that the Ag+ released from AgNPs may interact with the surface of the bacterial cell, particularly with functional groups of protein resulting in their deactivation [6]. Furthermore, the potential antibacterial activity of AgNPs may be attributed to the physical contact of NPs via electrostatic forces with the bacterial cell wall and leads to the penetration of NPs into the cells, which could be toxic to biomolecules of the cell [53]. A recent study has revealed that the contact between AgNPs and E. coli cell membrane for a few minutes led to the disruption of cells, as visualized by TEM [54]. Moreover, it was also suggested that AgNPs exert their antibacterial activity through the inactivation of the respiratory membrane chain of bacteria, which resulted in the generation of excess Reactive oxygen species (ROS) and accumulation in the cell, leading to cell death [55]. It should be noted that the ROS are generated intracellularly during the mitochondrial oxidative phosphorylation of bacterial cell.



Researchers also suggested that the most prominent antibacterial mechanisms are related to the size of NPs. Morones et al. [56] reported that the smaller size of AgNPs has a greater bactericidal effect than the larger ones due to the large surface area of NPs, which increases the surface reactivity. For instance, the smallest size of NPs releases a high concentration of Ag+, while the biggest NPs release the lowest concentration of Ag+ [57]. Lu et al. [58] demonstrated that different sizes of AgNPs (5, 15, and 55 nm) exhibited different inhibition rates against oral pathogenic bacteria. In their study, the AgNPs of 5 nm size presented greater antibacterial activity compared to the AgNPs of 15 and 55 nm sizes due to their greater surface area. Similarly, AgNPs with the size of 10 nm completely inhibited pathogenic bacteria at the lowest minimum inhibitory concentration (MIC) of 1.0 µg/mL, whereas at the size of 90 nm exhibited higher MIC of 11.5 µg/mL [59]. In our study, it can be postulated that the significant inhibitory effect of biosynthesized AgNPs against tested pathogens is due to its smaller particle size.




3.7. Antioxidant Activity of Biosynthesized AgNPs


In this study, the in vitro antioxidant activity of biosynthesized AgNPs was determined using DPPH radical scavenging assay. DPPH has been widely used to measure the antioxidant activity due to its stable compound. Figure 8 shows the effect of different concentrations of AgNPs on DPPH radical antioxidant activity. Our results revealed that the biosynthesized AgNPs exhibited a moderate antioxidant activity compared to ascorbic acid, which shows greater activity. In the case of DPPH assay, the principle of the antioxidant properties is attributable to the electron-donating behavior of the AgNPs to the odd electron in the DPPH solution, and consequently to a decrease in the intensity of n → π* transition at 517 nm (color changes from deep purple to pale yellow) [60], indicating the effect of antioxidant activity. In addition, AgNPs are reported to possess intrinsic antioxidant properties associated with their surface properties. Metal NPs (gold, silver, and palladium) have been reported to exhibit catalase-mimicking behavior by decomposing H2O2 to H2O and O2 at neutral and basic pH values [61]. Nevertheless, the different concentrations of biosynthesized AgNPs (250, 500, and 1000 µg/mL) have no direct influence on the scavenging activity, which may be attributed to the protein or biological compound from L. plantarum TA4 that covered or layered the surface of AgNPs and interfere with the reactivity of NPs. This phenomenon was also observed by Das et al. [62], who employed fruit extract for the biosynthesis of AgNPs. They postulated that several functional groups in the fruit act as a capping agent and covered the NPs, which resulted in moderate antioxidant activity.



Moreover, it was found that the elevated AgNPs concentration reduced the solubility of NPs, which explained the reduction in scavenging activity at concentration of 500 and 1000 µg/mL. Furthermore, it might also be due to a lack of DPPH content at higher concentrations. Likewise, Kumar et al. [63] and Moghaddam et al. [64] have also reported that the high concentration of NPs does not correlate with their scavenging activity. On the contrary, Khorrami et al. [65] reported that the biosynthesized AgNPs employing walnut green husk extract exhibited improved antioxidant activity with increased concentration. They suggested that the biologically active compounds from the extract, such as flavonoids, ellagic acid, and valeric acid bound on the NPs, improved the antioxidant properties of AgNPs. Similarly, Lenzites betulina-capped AgNPs were also reported to promote stable radical reduction [66]. Therefore, the synthesis of AgNPs using biological substances influenced the biological and chemical activity through the attachment of biologically active compounds on the surface of NPs. In the present study, the biological compound from L. plantarum TA4 did not promote the antioxidant activity but acted as a stabilizing agent.





4. Conclusions


In conclusion, this study demonstrated the production of AgNPs employing cell biomass of L. plantarum TA4. The L. plantarum TA4 was found to have silver metal tolerance ability at the concentration of 2 mM and simultaneously produced AgNPs. The AgNPs were spherical, with an average particle size of 14.0 ± 4.7 nm with monodispersed NPs. Based on the SEM-EDX analysis, the formation of AgNPs was found distributed on the cell membrane, indicating the involvement of biomolecules and functional groups present on the cell surface to initiate the biosynthesis of AgNPs. Moreover, the FTIR analysis detected the presence of hydroxyl, carboxyl, and protein on the surface of AgNPs, which confirmed the involvement of these functional groups in the reduction and stabilization process. Furthermore, biosynthesized AgNPs exhibited considerable antibacterial activity against Gram-negative and Gram-positive pathogens in a concentration-dependent manner, indicating the potential application as an antibacterial agent. Moreover, the in vitro antioxidant activity of AgNPs demonstrated moderate radical scavenging activity on DPPH. The findings in our study highlight the sustainable and low-cost approach in the development of AgNPs, which can be the best alternative to the conventional method.
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Figure 1. Schematic representation for biosynthesis, characterization, and biopotential applications of biosynthesized silver nanoparticles (AgNPs). 
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Figure 2. (a) Maximum tolerable concentration of L. plantarum TA4 exposed to increasing concentration of Ag+. The bacterial cell growth was determined by the spot platting technique. (b) UV–Visible absorption spectra of biosynthesized AgNPs by L. plantarum TA4 exposed with different concentrations of Ag+. (Control) AgNO3, (i) 1 mM, (ii) 2 mM, (iii) 4 mM, (iv) 6 mM, (v) 8 mM and (vi) 10 mM. 
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Figure 3. (a) Visual observation of AgNPs formation by cell biomass of L. plantarum TA4. (b) UV–Visible absorption spectra of biosynthesized AgNPs. The inset image shows the visual observation of biosynthesized AgNPs. 
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Figure 4. Size distribution of biosynthesized AgNPs by dynamic light scattering (DLS) analysis. 
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Figure 5. FTIR spectrum of the L. plantarum TA4 biomass (blue line) and the biosynthesized AgNPs (black line). 
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Figure 6. Scanning electron microscope (SEM) micrograph of L. plantarum TA4 (a) unexposed to Ag+ (b) exposed to Ag+. SEM scale bar = 1 µm. (c) Energy dispersive X-ray (EDX) spectra of L. plantarum TA4 exposed to Ag+. (d) The particles size distribution of biosynthesized AgNPs. (e) High-resolution transmission electron microscope (HR-TEM) micrographs of biosynthesized AgNPs at scale bar = 20 nm. (f) HR-TEM micrographs of biosynthesized AgNPs at scale bar = 10 nm. 
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Figure 7. (a) Antibacterial activity of biosynthesized AgNPs using agar well diffusion method against (i) S. aureus, (ii) S. epidermidis, (iii) E. coli, and (iv) Salmonella sp. (b) Zone of inhibition of biosynthesized AgNPs at different concentrations. Each value represents the mean ± SD of three replicates. 
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Figure 8. Antioxidant activity of biosynthesized AgNPs. Ascorbic acid was used as a positive control. Each value represents the mean ± SD of three replicates. * p < 0.05. 
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Table 1. Lactobacillus mediated synthesis of silver nanoparticles.
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	Species
	Route
	Size (nm)
	Reference





	Lactobacillus sp.
	Supernatant
	30–100
	[19]



	Lactobacillus acidophilus
	Cell biomass
	30
	[35]



	Lactobacillus plantarum
	Cell biomass
	33.4
	[35]



	L. acidophilus
	Supernatant
	4–50
	[17]



	Lactobacillus delbrueckii
	Supernatant
	54–113
	[36]



	Lactobacillus sp.
	Supernatant
	14
	[37]



	Lactobacillus mindensis
	Supernatant
	20
	[38]
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Table 2. Main spectra bands and functional groups interpretation of L. plantarum TA4 and biosynthesized AgNPs.






Table 2. Main spectra bands and functional groups interpretation of L. plantarum TA4 and biosynthesized AgNPs.





	
Spectra Band (cm−1)

	
Functional Group and Vibrational Assignment




	
L. plantarum TA4

	
Biosynthesized AgNPs






	
3254

	
3197

	
Hydroxyl group (-OH)/amide group (N–H stretching vibration)




	

	
2924

	
C–H stretching vibration




	
1636

	
1634

	
Amide I (C=O stretching vibration)




	
1151

	
1518

	
Amide II




	
1456

	
1450

	
C–H bending vibration




	
1224

	
1209

	
C–N stretching vibration, PO2- asymmetric stretching




	
1078

	
1030

	
C–O stretching vibration




	
994

	
961

	
C=C bending vibration
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