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Among various metal-based nanoparticles, silver nanoparticles (AgNPs) manifest superior inhibitory effects against several microorganisms. In fact, the AgNP-based treatment has been reported to inhibit both sensitive and resistant isolates of bacteria and other disease-causing microbes with equal propensity. Keeping this fact into consideration, we executed bio-mediated synthesis of AgNPs employing extract of flower and various other parts (such as bud and leaf) of the Hibiscus rosa-sinensis plant. The physicochemical characterization of as-synthesized AgNPs was executed employing transmission electron microscopy (TEM), dynamic light scattering (DLS), zeta potential, Fourier transform infrared (FTIR) spectroscopy, and UV-Vis spectroscopy, etc. The as-synthesized AgNPs demonstrated strong antimicrobial activity against both Gram-positive and Gram-negative bacteria with equal propensity. The as-synthesized AgNPs successfully inhibited Streptococcus mutans (S. mutans), one of the main causative bacteria responsible for dental caries. Considering the fact that orthodontic appliances facilitate infliction of the oral cavity with a range of microbes including S. mutans, we determined the growth inhibitory and anti-adherence activities of AgNPs on orthodontic appliances. We performed microbiological assays employing AgNPs adsorbed onto the surface of nickel–titanium (Ni-Ti) orthodontic wires. A topographic analysis of the decontaminated Ni-Ti orthodontic wires was performed by scanning electron microscopy. In addition to antimicrobial and anti-biofilm activities against oral S. mutans, the as-fabricated AgNPs demonstrated significant inhibitory and anti-biofilm properties against other biofilm-forming bacteria such as Escherichia coli and Listeria monocytogenes.
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INTRODUCTION
The nano-sized metal particles exhibit altered chemical and physical attributes compared to their precursor chemical entities. Considering this fact, there has been an increasing propensity in the exploitation of metal-based nanoparticles in diversified fields ranging from optics, catalysis, mechanics, paint industry, to therapeutics and medical diagnostics (Guerrero-Martínez et al., 2010; Abbasi et al., 2016; Khan et al., 2019). Well-dispersed and ultrafine metal nanoparticles acquire distinctive thermodynamic properties when compared to their precursor metal compounds. Because of their nano-order size dimension, high-energy surface atoms, greater penetration potential, and ability to target various vital biological molecules of the host, the nanoparticles have been widely used in various medical science-related fields (Abbasi et al., 2016; Khan et al., 2019).
It is noteworthy that the nanometer size dimension of the particles renders them the ability to traverse various biological barriers of the host body and even guides them to accumulate in tissues either beneath the skin or deeper into the organs like lungs, the liver, and even less accessible components of the central nervous system (CNS) such as the brain (Petros and DeSimone, 2010). As a consequence, the NP-based drug delivery systems have been widely exploited in the treatment of different types of cancer and several infectious diseases (Vashist et al., 2014).
Various chemical and physical methods such as UV or microwave irradiation, chemical reduction, photochemical process, and electron irradiation have been widely employed in the synthesis of nanoparticles (Loo et al., 2012; Iravani et al., 2014; D'Agostino et al., 2016; dos Santos et al., 2019). Incidentally, most of these methods involve multistep processing and high-energy input along with the involvement of hazardous chemicals to carry on the fabrication of nanoparticles. Moreover, the chemical method- and physical method-based NP synthesis entails relatively sophisticated instrumentation and also suffers the shortcomings such as low material conversion and difficulty in purification.
On a positive note, there has been an unanticipated paradigm shift in the exploitation of whole bacteria, fungi, and various parts of the plants (cf. leaf, flower, fruit, and etc.) in the synthesis of metal nanoparticles. The “green synthesis” approach has been receiving increased attention as it is environmentally friendly and causes almost negligible pollution of any kind (Bhosale et al., 2014). Furthermore, the cost-effective green synthesis technique has an edge over other methods and can be easily modulated for large-scale production (Ramya and Subapriya, 2012). Moreover, by smart maneuvering of fabrication conditions, the green approach can be manipulated to synthesize nanoparticles with diverse shapes and sizes (Ramya and Subapriya, 2012; Bhosale et al., 2014).
Dental caries, a multifactorial disease, has been considered a serious oral health issue. It is more common in individuals who wear orthodontic appliances. The orthodontic devices not only offer a platform to growing microbes but also pose an obstacle in biofilm removal during oral hygiene procedures. The disease leads to demineralization and erosion of the tooth enamel surface. Prolonged dental plaque expedites the accumulation of Streptococcus mutans (S. mutans), the causative oral pathogen, that in turn ensues the development of dental caries (Ritter et al., 2014). Moreover, various orthodontic elastomeric modules, including brackets and wires, when accompanied with poor oral hygiene may lead to the establishment of infection caused by S. mutans and several other oral bacteria (Lekhadia, 2018). The bacterial infection is generally accompanied by the formation of biofilm on both tooth enamel and orthodontic appliances used in the dental care setup (Koo et al., 2017). The related oral clinical issues may result in the unacceptable esthetic presentation of the inflicted person. If not treated properly, the infection not only causes bacteremia but also evokes an inflammatory response in the afflicted patients. S. mutans infection may also lead to infective endocarditis (Montgomery et al., 2014).
Among various metal-based nanoparticles, silver nanoparticles possess excellent antimicrobial properties against a wide range of microorganisms. The special treatment of orthodontic appliances with AgNPs, before their usage in clinical settings, is likely to combat invading pathogens by manifesting strong anti-biofilm activity (Gallardo et al., 2019).
Hibiscus rosa-sinensis Linn (family Malvaceae) is reported to possess potent medicinal properties including antibacterial, antitumor, cardioprotective, hypotensive, antidiabetic, anticonvulsant, wound healing, and antioxidant activities (Lim, 2014). Hibiscus rosa-sinensis (HRS) flowers, buds, and leaves are known to contain flavonoids like anthocyanin and quercetin. The HRSF flavonoids have also been implicated for their antidepressant and anxiolytic activities (Shewale et al., 2012).
In the present study, we first ascertained the potential of extracts of various parts of the Hibiscus rosa-sinensis plant (HRSP) to synthesize silver nanoparticles (AgNPs). We found that aqueous extract of different parts of HRSP (flower, bud, and leaf extracts) act as a reducing and capping/stabilizing agent to induce the formation of AgNPs. The characterization of as-synthesized AgNPs revealed that in a manner similar to other parts of plant exudates, the HRSF extract has better potential to facilitate the fabrication of nanoparticles in a time- and concentration-dependent manner. The kinetics of as-synthesized AgNPs was monitored using UV-Vis spectrophotometry. Next, we characterized the resultant AgNPs employing spectroscopic and other relevant techniques. The antibacterial and anti-biofilm potential of as-synthesized AgNPs were evaluated against a range of bacteria including caries causing S. mutans. Furthermore, we also assessed the anti-adherence potential of AgNPs against S. mutans adsorbed on orthodontic wires.
MATERIALS AND METHODS
All chemicals and reagents used in this study were of high purity (analytical grade) and procured from Sigma-Aldrich (St. Louis, MO, United States), unless mentioned otherwise. Silver nitrate (AgNO3) was procured from Merck Research Laboratories Pvt. Ltd. (India). Nickel–titanium (Ni-Ti) orthodontic wires were procured from Dr. Ziauddin Ahamd Dental College and Hospital, AMU, Aligarh, India. Luria Bertani (LB) broth, brain heart infusion (BHI), nutrient broth (NB), and agar powder were purchased from HiMedia (India). Fluorescein isothiocyanate (FITC) dye employed in fluorescence microscopy was purchased from Sigma-Aldrich (St. Louis, MO, United States). The bacterial strains were procured from ATCC, MTCC, and JNMCH, AMU, Aligarh. All the experiments were conducted with log-phase culture isolates.
Hibiscus rosa-sinensis Flower Extract Preparation
Fresh flowers of Hibiscus rosa-sinensis were collected from the Horticulture Nursery, AMU, Aligarh, India, and washed several times with deionized water. A known volume of distilled water (100 ml) was mixed with 10 g (wet weight) of thoroughly washed HRS flowers. The mixture was boiled till the original volume of aqueous suspension was reduced to 50 ml and filtered using Whatman No. 1 filter paper. The resulting HRS flower extract was used in the synthesis of as-fabricated AgNPs. Similarly, HRS buds and leaf extracts were prepared and employed in the fabrication of AgNPs.
Synthesis of AgNPs Using HRS Flower Extract
Increasing volumes (3–5 ml) of HRSF extract were added to 5 ml aqueous solution [10–3 M] of silver nitrate (AgNO3). The final volume of each reaction mixture was made up to 10 ml by adding a sufficient amount of distilled water and was kept on a stirrer at 100 rpm overnight at room temperature (Figure 1). Synthesis of AgNPs was also done by employing buds and leaf extracts of the HRSP. The as-synthesized AgNPs were characterized by various spectrophotometry-, transmission electron microscopy (TEM)-, and dynamic light scattering (DLS)-based analysis. The characterization and antibacterial activity data of buds and leaf extracts based on synthesized AgNPs are shown in the Supplementary Table S1.
[image: Figure 1]FIGURE 1 | Schematic representation for the synthesis of AgNPs by employing HRSF extract.
Bacterial Strains
We used the following bacterial strains in the study:
Characterization of As-Synthesized AgNPs UV-Vis Spectroscopic Studies
A UV-Vis spectroscopic analysis of the as-synthesized AgNPs was performed to ascertain the biogenic reduction of precursor AgNO3. The double beam spectrophotometer (Jasco model V-750), operated at a resolution of 1 nm, was used to execute the analysis (Bhosale et al., 2014). The UV-Vis spectrum was recorded over the 200–800 nm range.
 | 
[image: ]Determination of Particle Size by Dynamic Light Scattering
Dynamic light scattering (DLS) measurement was employed to determine the hydrodynamic size distribution of the particles. DLS measurements were analyzed by using Malvern Zetasizer Nano-ZS90 (ZEN3590, UK) to determine the average size and size dispersal of the as-synthesized AgNPs. The lyophilized powder was resuspended in PBS, and the solution obtained after passing through a 0.22-μm filter (Millipore) was subjected to various size determining measurements. The scattered light intensity was detected at 90° of the incident beam, and data analysis was performed in the default mode. The measured size was presented as the average value of 20 runs, with triplicate measurements within each run.
Transmission Electron Microscopy Measurement
The as-synthesized AgNPs were characterized by TEM. We also studied the effect of increasing volumes of the HRSF extract on the shape and size of the as-formed AgNPs with the help of the JEOL Transmission Electron Microscope at an accelerating voltage of 200 kV. A copper grid mesh, covered with the carbon-stabilized film, was employed to analyze the as-synthesized AgNPs. The uranyl acetate (2% w/v) solution was used for negative staining of the sample.
Zeta Potential Determination
For the determination of zeta potential of as-synthesized AgNPs, Malvern Zetasizer Nano-ZS90 (ZEN3590, UK) was used. Reconstitution of the samples was carried out in 5 mM phosphate buffer, pH 7.4, and the electrophoretic mobility was measured in the electrophoresis cell. The samples were run in triplicate to determine the zeta potential.
Fourier Transform Infrared Spectroscopy Measurement
FTIR spectra of as-synthesized AgNPs was analyzed on an FTIR spectrophotometer (PerkinElmer, UK) in the diffuse reflectance mode operating at a resolution of 4 cm−1 (Iravani et al., 2014). The spectra of AgNPs and HRSF extract were taken between 4,000 cm−1 and 400 cm−1. As-synthesized AgNPs were co-prepared again along with KBr crystals as a beam splitter.
Anti-Bacterial Potential of As-Synthesized AgNPs as Revealed by the Zone of Inhibition Assay
The bactericidal activity of the as-synthesized AgNPs was assessed by employing the agar well diffusion method. Various bacterial strains such as Listeria monocytogenes, Streptococcus mutans, and Escherichia coli were used in the study. The bacterial strain S. mutans MTCC-497 (Institute of Microbial Technology, Chandigarh, India) was cultured in the brain heart infusion (BHI) broth (HiMedia Labs, Mumbai, India) at 37°C. We also used S. mutans serotype c strain (ATCC 700610/UA159) to assess the antibacterial potential of as-synthesized AgNPs. Next, we determined the antibacterial potential of as-synthesized AgNPs against standard E. coli (ATCC-25922). The antibacterial potential of as-synthesized AgNPs was also established against L. monocytogenes ATCC 19115. The clinical isolate of S. mutans, used in the study, was a kind gift from Prof. Shahid of the Department of Microbiology, JNMC, AMU, Aligarh.
The nutrient broth was used for subculturing of the pure culture of S. mutans, E. coli, and L. monocytogenes. They were grown overnight to attain the colony-forming unit (CFU) count of ∼106 units per ml. An aliquot of 100 μl, from overnight grown culture, was spread uniformly on nutrient agar plates by using a sterile plastic spreader.
The agar plates, inoculated with S. mutans, were cocultured with the AgNP-Ni-Ti orthodontic wire. The uncoated and plain AgNO3-coated Ni-Ti orthodontic wires were used as the control. The plates were incubated at 37°C, and the zone of inhibition was observed after the stipulated time period of 24 h.
In the next set of experiments, the agar plates were first exposed with E. coli and L. monocytogenes followed by punching of the wells using a punching machine. Subsequently, an increasing amount of as-synthesized AgNPs (1 mg/ml stock solution) or standard antibiotic, vancomycin (control), was dispensed into various wells in a given agar plate. The plates were incubated at 37°C, and the zone of inhibition was determined by measuring the clear region around each well after the stipulated time period of 24 h.
Anti-Biofilm Potential of As-Synthesized AgNPs Employing XTT Assay
The anti-biofilm potential of as-synthesized AgNPs was established by employing the XTT assay, which is performed to analyze the presence of viable cells. The principle of the assay involves the cleavage of the tetrazolium salt XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-{phenylamino}carbonyl-2H-tetrazolium hydroxide) in the presence of an electron-coupling reagent, which ensues in the production of a soluble formazan salt. The XTT assay was performed following published protocols with minor changes as standardized in our lab. In brief, 100 µl of bacterial cell culture (1 × 108 cells/ml) was dispensed in each well of 96-well culture plates. The bacteria were allowed to form adherent mature biofilm in the presence of an increasing concentration of the as-synthesized AgNPs for 48 h. Just before the commencement of the assay, a solution of menadione (0.4 mM), which acts as an artificial electron transporter to reduce tetrazolium salt to formazan, was prepared and filtered.
The plate was incubated for the stipulated time period, followed by washing with PBS (200 µl). Next, the XTT reagent [2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-{phenylamino}carbonyl-2H-tetrazolium hydroxide (XTT) at a final concentration of 250 μg/ml] was dispensed to each test well of the plate followed by the addition of menadione solution (2 μl/well). The plate was further incubated for the next 4 h at 37°C in the dark. Next, the solution was transferred into a fresh plate to assess the colorimetric change, and the absorbance was taken at 490 nm using an iMark microplate absorbance reader (BIORAD, United States). The XTT experiments were performed in triplicate to validate the data.
Effect of As-Synthesized AgNPs on the Adherence of S. mutans to Smooth Glass Surfaces in Presence of Sucrose
We studied the effect of as-synthesized AgNPs on the adherence of S. mutans on the smooth glass surface. We also assessed the effect of the presence of sucrose in the surrounding medium during AgNP-mediated inhibition of S. mutans adherence. The bacteria were cultured at 37°C for 24 h at an angle of 30° in a glass tube containing 10 ml of BHI with or without 5% (w/v) sucrose. The cultured tubes were also exposed to the sub-MIC concentrations of the AgNPs. The culture medium consisted of BHI (sucrose dependent) and without sucrose (sucrose independent). After stipulated incubation, the glass tubes were slightly rotated to decant the planktonic cells. Subsequently, the adhered cells were removed by adding 0.5 M of sodium hydroxide with stirring. The cells were thoroughly washed and suspended in saline. The adherence was determined spectrophotometrically at 600 nm. The percentage adherence was determined by using the following formula:
[image: image]
The effect of AgNPs on the cell surface hydrophobicity of S. mutans was determined by measuring its adhesion with hydrocarbon. The cells were grown in the BHI medium supplemented with 5% sucrose along with the increasing concentration of AgNPs. The cells were washed twice and suspended in sterile saline (0.85%) to adjust optical density (O.D.) at around 0.3 at 600 nm. A given volume of the cell suspension (3 ml) was mixed with 0.25 ml toluene. The tubes were stirred for 2 min and allowed to equilibrate at room temperature for 10 min. The cell suspension was kept aside to allow phase separation. We next determined the O.D. of the aqueous phase spectrophotometrically at 600 nm.
Hydrophobicity Index of As-Synthesized AgNP-Treated Bacterial Biofilm
Overnight cultured bacterial cells (treated and control) were suspended in 1 ml LB medium to obtain optical density (at a wavelength of 600 nm) at around 1.0 ± 0.01. Furthermore, toluene (1 ml) was added to the suspension (both treated and control) and vortexed. The test tubes were incubated for 30 min to let the biphasic solution settle. Next, the optical density of the aqueous phase was measured, and the hydrophobicity index was calculated by using the following equation:
[image: image]
where Ai and Af denote the initial and final optical densities of the aqueous phase. The adherence of the bacterial cells to the organic solvent was evaluated to ascertain the hydrophobicity (Farkas et al., 2015).
Anti-Adherence Properties of As-Synthesized AgNPs
Sterilized Ni-Ti orthodontic wires were placed into three separate Eppendorf tubes containing fresh sterilized nutrient broth. Next, one of the two sets of orthodontic wires was co-incubated with as-synthesized AgNPs (50 μg/ml) and the other with aqueous AgNO3 solution (50 μg/ml). The wire, incubated in media only, served as the control. The standardized suspension (1 × 108 cells/ml) of S. mutans was added to each Eppendorf tube (harboring orthodontic wire) and was incubated for 24 h at 37°C. Once the incubation period was over, wires were taken out and placed into fresh Eppendorf tubes containing PBS and subjected to sonication to remove adhered bacteria from wires. A known volume (100 µl) of the resultant bacterial suspension (diluted 100 times), collected post sonication, was spread on NB agar plates and incubated for 24 h at 37°C, and CFU/ml was calculated for each group.
Anti-Biofilm Activity as Revealed by Fluorescence Microscopy
S. mutans was cultured in the NB medium at 37°C overnight. An aliquot of log-phase bacterial culture (having 106 CFU/ml) was suspended in broth (500 µl) and dispensed on the sterile coverslip placed in wells of a multi-well polystyrene plate. The setup was left for 24 h at 37°C for the growth of biofilm. Mature biofilm was washed and incubated with AgNPs (50 μg/ml) suspension and AgNO3 solution (50 μg/ml) for the duration of 3 h. An untreated mature biofilm was considered as a control. Coverslips were then fixed in 4% paraformaldehyde (PFA) followed by washing, and cells were then stained with the fluorescein isothiocyanate (FITC) dye. Stained coverslips were then washed with sterile PBS, and the anti-biofilm activity was observed under the Zeiss Axiocam Imager MRM M2 fluorescence microscope. Both the treated and control samples were observed under a fluorescence microscope (×40 magnification).
Quantification of Extracellular Glucan in Cultures With Sucrose
The phenol/H2SO4 method (Decker et al., 2011) was used to quantify the glucan in the cultured sample. S. mutans was incubated in media containing 1% sucrose both in the absence and presence of as-synthesized AgNPs for 20 h, after which the bacteria were recovered. Extracellular water-soluble glucan was isolated by employing ethanol precipitation of the supernatants from the recovered bacterial cultures. The remaining cell pellet was resuspended in 1 M NaOH and centrifuged to remove bacterial cells. Water-insoluble glucan was recovered by ethanol precipitation of the supernatant.
Assessment of Topographical Changes in Orthodontic Wires
Ni-Ti orthodontic wires were incubated with as-synthesized AgNPs (50 μg/ml) and aqueous AgNO3 (50 μg/ml) for 24 h with mild and continuous shaking for homogenous adherence. Topographical changes on coated Ni-Ti orthodontic wires as compared to uncoated one (control) were assessed by scanning electron microscopy (JSM67500F, a JEOL model, Japan).
Cytotoxicity Assays
To facilitate the future plausible biomedical application, we assessed the cytotoxicity of the as-synthesized AgNPs against erythrocytes (RBCs) and PBMCs. It was done by performing an in vitro hemolysis assay of RBCs and killing of PBMCs employing the MTT assay as described later.
Hemolysis Assay
In brief, fresh blood was drawn from a healthy individual and mixed with an anticoagulant solution (EDTA) before being centrifuged at 8,000 rpm for 10 min at 4°C. The buffy coat formed after centrifugation was discarded, and the erythrocyte was collected and washed with a diluted isotonic buffer (20 mM PBS) to prepare 50% hematocrit. The degree of hemolysis was determined by incubating RBC suspensions with various concentrations of AgNPs for 1 h at 37°C. All samples from the incubated solutions were centrifuged at 10,000 rpm for 10 min, the resulting supernatant was collected and the absorbance was recorded at 576 nm for released hemoglobin by UV-VIS spectroscopy. The percentage of hemolysis was determined by the following equation:
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In the discussed equation, AbsT represents the absorbance of the supernatant from samples incubated with AgNPs, and AbsC is the absorbance of the supernatant from control (PBS). Abs(100%) represents the absorbance in the presence of 1% Triton X-100 as a positive control.
MTT Assay
The MTT assay was performed for assessing cell viability. MTT (Thiazolyl Blue Tetrazolium Bromide), is a yellow dye that is converted into formazan, by the activity of the mitochondrial dehydrogenase. In brief, peripheral blood mononuclear cells (PBMCS) were isolated following the standard protocol as standardized in our lab. Next, we dispensed 104 cells per well in 96-well plates and incubated in the complete medium overnight. The next morning, the medium was aspirated and cells were incubated with varying concentrations of AgNPs at 37°C for 24 h followed by further 4-h incubation with the MTT dye (5 mg/ml in PBS). The reaction mixture was aspirated and the resulting formazan crystals were dissolved by adding 200 μl of DMSO. After 10 min, absorbance was read at 570 nm using an iMark microplate absorbance reader (BIORAD, United States). Untreated sets served as controls which were performed simultaneously under identical conditions. The MTT experiments were performed in triplicate to validate the data. Finally, OD values of culture were converted into percentage viability by using the following formula:
[image: image]
Statistical Analysis
Data were analyzed by one-way and two-way ANOVA to assess the differences among groups. Statistical calculations were performed with the help of GraphPad Prism version 8.0. Significance was indicated as *** for p < 0.001; ** for p < 0.01, and * for p < 0.05.
RESULTS
Hibiscus Flower Extract Mediated Synthesis of Silver Nanoparticles
The potential of HRSF extract to synthesize nanoparticles was established by evaluating its ability to convert silver salt to as-synthesized silver nanoparticles. The aqueous silver ions were exposed to the HRSF extract. The color of the reaction mixture changed from light pinkish-red to dark brown (Supplementary Figure S1). The color transformation corresponds to the characteristic surface plasmon resonance (SPR) effect of different size silver nanoparticles. The SPR analysis establishes HRSF-mediated synthesis of AgNPs.
UV-Vis Spectroscopic Analysis of Silver Nanoparticles
The optical properties of the as-synthesized AgNPs were determined by employing surface plasmon absorption spectroscopy. The SPR properties usually depend on the shape of the NPs population. At the outset, a UV-Vis absorption spectroscopic technique was used to analyze the synthesis of the nanoparticles. Figure 2A shows the UV-Vis absorption spectra recorded for as-synthesized silver nanoparticles harvested after 24 h of the reaction (upon treatment with 3 ml of HRSF extract). The results indicate that the reaction solution displayed an absorption maximum at about 460 nm that can be attributed to the SPR of the as-synthesized silver nanoparticles (Lim, 2014). It was observed that with the increase in time, the silver nanoparticle synthesis rate also increased (Supplementary Figure S2). Although the wavelength maximum was stably positioned at 460 nm, the intensity steadily increased with time and eventually got saturated after 24 h.
[image: Figure 2]FIGURE 2 | Characterization studies of as-synthesized AgNPs. (A) UV-Vis spectra of silver nanoparticles formed upon incubation of AgNO3 (10−3 M) solution with increasing concentrations of HRSF extract. The characteristic surface plasmon resonance (SPR) bands corresponding to as-synthesized silver nanoparticles progressively manifest hyperchromic shift toward higher wavelength with accompanying amplification in band intensity as a function of increasing amounts of HRSF extract added to the incubation mixture. (B) TEM analysis depicting shape and size of as-synthesized AgNPs, of the size dimensions of 10–40 nm, prepared with less (3 ml) HRSF extract. (C) Representative TEM image of as-synthesized silver nanoparticles, of the size dimensions of 15–25 nm, synthesized employing relatively high (5 ml) HRSF extract. TEM micrograph depicts the presence of various-shaped nanostructures of AgNPs with size dimensions in the range of 30–50 nm. (D) Dynamic light scattering (DLS) for the size analysis of the AgNPs. Particle size analysis with DLS suggests the overall particle radii of the as-synthesized silver nanoparticles to be approximately in the range of 30–80 nm. (E) Zeta potential analysis of the as-synthesized AgNPs. The as-synthesized AgNPs were analyzed for their surface charge employing zetasizer (Malvern Instrument Ltd., UK) as described in the method section. The zeta potential of as-synthesized AgNPs was found out to be around −25 mV.
We also studied the kinetics of silver nanoparticle synthesis upon incubation of AgNO3 with increasing content of HRSF extract. The synthesis of AgNPs augmented upon increasing the concentration of plant extract in the reaction medium. The increase in HRSF content (3 vs. 5 ml HRSF extract) resulted in an upsurge in absorbance at 460 nm (Figure 2A).
TEM and DLS Analysis
The green synthesis of silver nanoparticles was further confirmed by representative TEM images of silver nanoparticles generated employing increasing amounts of flower extract for their synthesis. The shape of the particles was found to be dependent on the concentration of flower extract. Higher abundance of HRSF extract favored the occurrence of a largely homogenous population of small-sized nanoparticles. At lower concentrations of flower extract various triangular, hexagonal, and ovoid shaped particles in the size range 10–40 nm (Figure 2B) were seen coexisting. However, as the concentration of HRSF extract was increased, the average diameter of the silver nanoparticles was found to decrease as evidenced by the occurrence of spherical particles (15–25 nm) at higher concentrations of HRSF extract (Figure 2C). Also, as the flower extract concentration increased, the total number of particles in a given volume increased simultaneously as seen in the TEM micrograph (Figure 2C). Initially, the increase in the HRSF extract causes the nanoparticles to be formed in the range of 30–50 nm. This is more evident from the fact that a higher concentration of flower extract led to the synthesis of the large number of isomorphic spherical nanoparticles of small dimensions (20–30 nm), which is accompanied by a decrease in the number of large-sized compounds with the size range of 30–50 nm.
For the determination of the particle size of as-synthesized AgNPs in an aqueous buffer, the dynamic light scattering (DLS) analysis was carried out. To have better information pertaining to the size distribution of as-synthesized AgNPs, DLS is performed in conjunction with the TEM analysis. Analysis of the HRSF extract-mediated synthesized AgNPs’ dynamic light scattering (DLS) pattern showed the average size of as-synthesized AgNPs to be around 30–80 nm with a polydispersity index (PDI) of 0.28 (Figure 2D). The TEM analysis revealed the morphology of the as-synthesized AgNPs to be spherical/ovoid and having a size range of around 30–50 nm. The discrepancy in the size as determined by DLS versus TEM analyses is usually explained on the basis of the hydrodynamic diameter of AgNPs, which correspond to the size of the particles suspended in the liquid medium (Figure 2 B&C).
Surface Charge of AgNPs as Measured by Zeta Potential
Zeta potential is a physical property which relates to the net surface charge of the nanoparticles. Depending upon the magnitude and nature of the charge, the particles may repel each other (because of the Coulomb explosion force) eventually preventing agglomeration of the as-synthesized nanoparticles. The stability of NPs has been correlated well with the zeta potential ranging from +30 mV to −30 mV. The as-synthesized AgNPs were found to have zeta potential of around −25 mV [Figure 2E].
FTIR Analysis
FTIR spectroscopy was performed to characterize the putative biomolecules (organic and inorganic functional groups) responsible for the reduction of Ag+ ions and the stabilization of reduced silver nanoparticles to prevent agglomeration and their capping in the aqueous medium. The FTIR spectra of HRSF extract and the as-synthesized AgNPs are shown in Figure 3. Both the spectra showed bands at 3,446, 2,927, 2,856, 2074, 1,638, and 708, cm−1. The strong peak at 3,446 cm−1 corresponds to the O–H stretching of alcoholic and phenolic groups. The absorption bands in the region of 3,000–2,700 cm−1 are characteristic of the C–H group in alkanes. So, the peaks at 2,927 and 2,856 cm−1 with medium to weak intensity suggest aliphatic and aromatic C–H stretching. The peak at 2074 cm−1 accounts for C=N stretching of R–N=C=S. The sharp band at 1,638 cm−1 can be assigned to the amide I bond of proteins in HRSF extract as the band in the region of 1,680–1,500 cm−1 has been shared between the amide bond of protein (sourced from flower extract) and also due to stretching vibrations in the secondary structure of protein resulting in the formation of two new peaks at 1,642 and 1,634 cm−1 (as clearly revealed in the zoomed-in image) in silver nanoparticles. The lower frequency bands at 708 cm−1 can be assigned to C–Cl stretching with C–H bending vibrations out-of-plane. In the IR spectrum of the AgNPs, new bands are observed at 1,338 and 1,314 cm−1 (showed as the zoomed-in image), corresponding to the C–O stretching.
[image: Figure 3]FIGURE 3 | FTIR spectrum of as-synthesized AgNPs. FTIR spectroscopy was used for the characterization of functional organic and inorganic groups sourced from HRSF extract responsible for the formation and stabilization of AgNPs.
Antibacterial Potential of AgNPs as Assessed by Agar Well Diffusion Method
The antimicrobial activity of AgNPs was assessed against all three strains of S. mutans (MTCC-497, ATCC-700610, and the clinical isolate) using the agar well diffusion assay (data pertaining ATCC-700610 and clinical isolate is presented as Supplementary Figure S3 in the supplementary section). The as-synthesized AgNPs were found to be effective against all the strains under study, but the data shown in the whole study corresponds to a resistant strain of S. mutans, MTCC-497. The zone of inhibition (in mm) around each well containing AgNPs was assessed (Figure 4). We also determined the antibacterial activity of the as-synthesized AgNPs against E. coli and L. monocytogenes. The AgNPs exhibited significant antibacterial activity against all the tested organisms. Ni-Ti orthodontic wires were coated with as-synthesized AgNPs or AgNO3 solution. The impregnated wires were placed on the agar plate that was previously inoculated with resistant isolates of S. mutans. The wire impregnated with AgNPs (50 µg/ml) showed significant S. mutans inhibition (clear zone of inhibition) as compared to AgNO3 (50 µg/ml) solution-coated wire (Figure 5).
[image: Figure 4]FIGURE 4 | Antimicrobial potential of as-synthesized AgNPs. The antimicrobial property of the as-synthesized AgNPs was expressed in terms of the zone of inhibition (in mm) using vancomycin as a standard antibiotic. (A) The as-synthesized AgNPs were found to be effective against S. mutans bacteria in a dose-dependent manner. (B) As-synthesized AgNPs were found to be effective against both L. monocytogenes and E. coli bacteria in a dose-dependent manner. Experiments were performed in triplicates, and results are shown as mean ± SD; *** p-value ≤ 0.001; ** p-value ≤ 0.01; * p-value ≤ 0.05.
[image: Figure 5]FIGURE 5 | Antibacterial potential of AgNP-coated Ni-Ti orthodontic wire. (A) Control (uncoated Ni-Ti orthodontic wire). (B) Orthodontic wire incubated with AgNO3 solution. (C) Orthodontic wire adsorbed with as-synthesized AgNPs. Figures [a], [b], and [c] are representing the zoomed-in images of the zone of inhibition shown in [A], [B], and [C], respectively.
Anti-Adherence Potential of As-Synthesized AgNPs
The anti-adherence potential of as-synthesized AgNPs was deduced by incubating Ni-Ti orthodontic wires with AgNPs and their further incubation with S. mutans. It was found that there was maximum bacterial load in terms of (CFU/ml), as shown in the case of uncoated wires (control), while wires coated with aqueous AgNO3 solution and as-synthesized AgNPs shown less bacterial load than the control. The least bacterial load was found in the case of wires impregnated with AgNPs as compared to both uncoated and AgNO3 coated wires (Figures 6A,B).
[image: Figure 6]FIGURE 6 | Anti-adherence properties of AgNP-coated Ni-Ti orthodontic wires. (A) Adhered S. mutans bacterial population collected from (i) uncoated orthodontic wire, (ii) wire incubated with aqueous AgNO3 solution (50 μg/ml), and (iii) wire adsorbed with as-synthesized AgNPs (50 μg/ml). (B) Representative bar graphs corresponding anti-adherence property of AgNP-impregnated Ni-Ti orthodontic wires. The bacterial burden in terms of CFU/ml corresponding adhered bacterial population present on the surface of Ni-Ti orthodontic wires. Control-uncoated Ni-Ti orthodontic wire, AgNO3 (aqueous solution)-coated Ni-Ti orthodontic wire, and as-synthesized AgNP-coated Ni-Ti orthodontic wire.
Anti-Biofilm Potential of As-Synthesized AgNPs Employing XTT Assay
The as-synthesized AgNPs inhibited adherence of S. mutans to the surface of glass tubes. The as-synthesized AgNPs inhibited both sucrose-independent and sucrose-dependent adherence of the treated S. mutans bacteria. The inhibition was more pronounced in sucrose-dependent adherence as compared to the sucrose-free medium. The as-synthesized AgNPs inhibited the S. mutans biofilm formation in a dose-dependent manner (Figure 7A). The AgNPs at a concentration of around 25 μg/ml inhibited around 50% of the formed biofilm.
[image: Figure 7]FIGURE 7 | Anti-biofilm potential of as-synthesized AgNPs. The anti-biofilm property of as-synthesized AgNPs against S. mutans was revealed by employing (A) XTT assay and (B) Hydrophobicity assay. (C) As-synthesized AgNPs were able to inhibit glucan synthesis by S. mutans, and it also resulted in its (D) decreased adherence potential on the glass surface. The anti-biofilm property of as-synthesized AgNPs against sensitive and resistant isolates of both Listeria monocytogenes and Escherichia coli bacteria as revealed by employing (E) XTT assay and (F) hydrophobicity assay. The hydrophobicity assay was performed against sensitive (blue) and resistant isolates of the two bacteria. Experiments were performed in triplicates, and results are shown mean ± SD; ** p-value ≤ 0.01; * p-value ≤ 0.05; ns = non-significant.
AgNPs Mediated Inhibition of Streptococcus mutans Hydrophobicity
The as-synthesized AgNPs were found to inhibit cell surface hydrophobicity of S. mutans in a concentration-dependent manner, as shown in Figure 7B. The as-synthesized AgNPs reduced the hydrophobicity to more than 50% at a concentration of ∼100 μg/ml. On the other hand, the precursor AgNO3 solution failed to reduce the hydrophobicity.
We also determined the anti-biofilm potential of as-synthesized AgNPs against less susceptible isolates of L. monocytogenes and E. coli. The increasing amount of AgNPs (ranging from 1.56 to 200 μg/ml) was dispensed in each well of the microtiter plate. Subsequently, the plate was inoculated with a bacterial strain (for 24 h) specified in the Method section. It can be inferred from the results that the biologically synthesized AgNP-based formulation was successful in inhibiting the drug-resistant bacterial biofilm (less susceptible against gentamicin), as compared to the negative control (Figure 7E). The adherence potential of bacterial cells can be attributed to the high hydrophobicity associated with the bacterial cell surface (Hu et al., 2019). The percentage of hydrophobicity index for E. coli (less susceptible isolate) decreased from ∼58% to ∼34% on treatment with as-synthesized AgNPs. Similarly, the hydrophobicity index for less susceptible L. monocytogenes isolate decreased from ∼64 % to ∼43% (Figure 7F).
As-Synthesized AgNPs Inhibited Glucan Synthesis in the Treated S. mutans Cells
We determined the potential of the as-synthesized AgNPs to inhibit glucan synthesis in the treated S. mutans. The AgNPs efficiently inhibited glucan synthesis in a concentration-dependent manner. The AgNPs inhibited around 50% glucan synthesis at around 100 µg/ml concentration (Figure 7C).
Anti-Biofilm Activity as Revealed by Fluorescence Microscopy
To ascertain the anti-biofilm potential of the as-synthesized AgNPs, we assessed S. mutans (drug-resistant MTCC-497)-mediated synthesis of biofilm on the glass surface in the presence of AgNO3 solution or AgNPs. The fluorescence microscopy revealed the formation of mature biofilm when S. mutans was cultured in absence of AgNPs. The synthesis of profuse biofilm could be attributed to the unhindered proliferation of untreated cells. On the other hand, the treatment with AgNPs resulted in the inhibition of biofilm formation on the glass surface (Figure 8).
[image: Figure 8]FIGURE 8 | As-synthesized AgNPs inhibit S. mutans biofilm as revealed by fluorescence microscopy (40×). (A) Mature, untreated biofilm of S. mutans; (B) biofilm inhibition upon treatment with aqueous AgNO3 solution; and (C) biofilm inhibition upon treatment with as-synthesized AgNPs.
Assessment of Topographical Changes in Orthodontic Wires
Surface morphology or the topographic conditions of Ni-Ti orthodontic wires was studied by the SEM analysis (Figure 9). As revealed by SEM micrographs, the surface of AgNP-coated Ni-Ti orthodontic wires showed less irregular topography in comparison to both aqueous AgNO3 solution coated and uncoated wires. The uncoated Ni-Ti orthodontic wires were found to possess a significant number of well-distributed irregular cavities and a large number of pores on their surface. On the other hand, fewer topographic irregularities were observed on Ni-Ti wires that were coated with AgNO3 solution.
[image: Figure 9]FIGURE 9 | Surface characterization of AgNP-coated Ni-Ti orthodontic wire. Scanning electron micrographs showing graded magnifications of (A) uncoated wire, (B) wire coated with aqueous AgNO3 solution, and (C) wire coated with as-synthesized AgNPs, while (i), (ii), and (iii) represent 55×, ×500, and ×1000 magnifications, respectively.
Cytotoxicity Assays
In order to investigate biocompatibility, we carried out toxicity assays on RBCs (hemolytic assay) and PBMCs (MTT assay). The obtained results revealed that even at a very high dose (256 μg ml) of AgNP exposure, only around 30% of RBCs were hemolyzed, as shown in Figure 10A; similarly, for PBMCs, it showed around 77% cell viability after exposure to 128 μg/ml (Figure 10B). However, exposure of cells to increasing doses of AgNPs resulted in decreased cell viability. The findings indicate that AgNPs are a stable and non-toxic entity with significant antibacterial action that does not cause toxicity in the host cells.
[image: Figure 10]FIGURE 10 | Cytotoxicity assays. (A) Hemolysis assay, when RBCs were co-incubated with different concentrations of as-synthesized AgNPs. Triton X-100 (1%) and phosphate-buffered saline (PBS) were used as a positive and negative control. (B) Effect of varying concentrations of as-synthesized AgNPs on the peripheral blood mononuclear cells (PBMCs) as detected by thiazolyl blue tetrazolium bromide (MTT) assay. Experiments were performed in triplicates, and results are shown as mean ± SD; *** p-value ≤ 0.001; ** p-value ≤ 0.01; * p-value ≤ 0.05; ns = non-significant.
DISCUSSION
The recent upsurge in the emergence of microbial isolates, which have the potential to withstand the antibiotic onslaught, has inflicted a serious impact on the strategies employed in the treatment of various infectious diseases. The failure of antibiotics in killing disease-causing microbes calls for the development of alternate modes of therapy. In general, the survival of the pathogenic microbes in the oral cavity depends on their successful adhesion and ability to develop into biofilms on dental surfaces. The as-synthesized biofilm protects microbes from environmental challenges and helps in their growth and propagation. The microbial biofilm can develop on dental implants leading to peri-implantitis which is considered to be the main reason for implant failure.
Interestingly, metal-based nanoparticles offer a salvage strategy to treat the oral infection. In this regard, silver-based nanoparticles (AgNPs) can successfully control infection (Dutta et al., 2016). In the present study, we have synthesized AgNPs using an eco-friendly green synthesis method. The reduction of Ag+ (metal salt) into Ag0 (metallic nanoparticle) and its subsequent capping (to prevent aggregation) was executed employing HRSF extract (Figure 1). AgNPs were also synthesized by employing other parts of the HRSP such as bud and leaf extracts, characterized and evaluated for their potent antibacterial activity. However, in the present study, we have focused mainly on HRSF extract-based synthesized AgNPs as it was found more effective for the plausible antibacterial activity and anti-adherence activity on the surface of Ni-Ti orthodontic wires against S. mutans.
To begin with, first, we characterized the as-synthesized AgNPs for their physicochemical attributes. To track the progress of the fabrication of biogenic nanoparticles, TEM and UV spectrophotometric studies were carried out. The HRSF-mediated biological synthesis led to the formation of spherical AgNPs, with size distribution in the range of 15–40 nm. The DLS analysis suggested the size dimension of as-synthesized AgNPs in the range of 30–80 nm. The discrepancy in the observed average size of the as-synthesized particles determined by the above specified two different methods can be attributed to the technique used in size determination (Wang L et al., 2017).
The as-synthesized AgNPs were found to exhibit characteristic SPR showing absorption peak at 460 nm. In accordance with the Mie theory, a single SPR band is obtained in the case of spherical nanoparticles. The FTIR spectroscopy also suggested the formation of a new micro-ambiance corresponding to functional groups of the parent compounds present in HRS flower extract.
The zeta potential values ranging from +30 to −30 mV are supposed to help in maintaining the stability of the related nanoparticles (Mourdikoudis et al., 2018). Incidentally, the as-synthesized AgNPs were found to have zeta potential around −25 mV. This suggests that HRSF extract mediated the synthesis of stable AgNPs.
The characterization (UV-Vis spectrum, DLS, and zeta potential) and antibacterial data [MIC value and ZOI study against S. mutans (MTCC-497)] for the AgNPs synthesis employing HRS bud and leaf extracts are shown in the supplementary section (Supplementary Table S1).
Keeping into consideration the usefulness of silver nanoparticles in the treatment of a range of microbial infections, we tested their anti-biofilm potential against various other classes of bacteria in addition to S. mutans. Fabrication of nanoparticles employing biological methods, that is, green synthesis, offers additional benefits in terms of biocompatibility and bioavailability. We made an elaborated effort to ascertain the effect of as-synthesized AgNPs against both resistant and sensitive bacterial isolates. The anti-biofilm activity, as revealed by the XTT assay, suggests that as-synthesized AgNPs can significantly inhibit less susceptible isolates of S. mutans, E. coli, and L. monocytogenes. The observed effectiveness of as-synthesized AgNPs to kill both sensitive and less susceptible isolates of bacteria has great relevance in the present scenario where drug resistance crisis by microbes is posing a great health concern. Moreover, as-synthesized AgNPs were also shown to inhibit glucan synthesis by S. mutans.
We established the potential of as-synthesized AgNPs to inhibit bacterial growth on orthodontic appliances. The AgNPs deposited on the surface of experimental dental appliances including Ni-Ti orthodontic wires showed strong antimicrobial properties. In general, orthodontic appliances serve as a favorable site for S. mutans to adhere by forming a bacterial biofilm on their surface. However, if coated with AgNPs, they showed significant anti-adherence properties as well. The electron microscopic studies further established the anti-adherence activity of the AgNPs on orthodontic wires (Figure 9).
While the practice of establishing antimicrobial activity of AgNPs against various pathogens is a common feature, the studies pertaining to the anti-adherence potential of AgNPs in the context of orthodontic wires are limited (Sun et al., 2014). This makes the present approach more relevant as we have demonstrated that coating of AgNPs onto the surface of orthodontic wire imparts anti-adherence properties to the later. This observation is very interesting and has great relevance as orthodontic wires and other related dental appliances are very prone to be contaminated by various oral bacteria including S. mutans.
Earlier studies have suggested that AgNPs have the ability to release silver ions that have the potential to kill target bacterial cells (Francolini et al., 2017). The observed anti-adherence property of the AgNPs may be attributed to the fact that they can penetrate the cell wall of associated bacteria and also prevent the production of extracellular polysaccharides (Figure 11) to check bacterial adhesion on orthodontic wires.
[image: Figure 11]FIGURE 11 | Schematic representation showing mechanism of antimicrobial activity of as-synthesized AgNPs.
The immersion of orthodontic wire in AgNP suspension, followed by their interaction with S. mutans on the agar plate ensued in killing (clear zone of inhibition) of bacteria present in the surrounding ambiance. There is a possibility that AgNPs may interact with thiol or amino acid residues of various crucial enzymes and eventually lead to inhibition of the bacterial cells (Mohanty et al., 2012). The large surface area of as-synthesized AgNPs is likely to facilitate the inhibition of various metabolically active enzymes (Figure 11). Moreover, AgNPs have also been reported to facilitate the generation of reactive oxygen species under the oxygen atmosphere (Rizzello and Pompa, 2014). The potential of as-generated ROS to act on proteins and DNA-based macromolecules has been considered detrimental to the live bacterial cells (Figure 11) (Li et al., 2013). The higher adhesion of S. mutans can be attributed to the surface morphology of the uncoated (bare) orthodontic wires (Figure 5). The rougher surfaces are known to encourage biofilm formation and support greater adherence (Ramasamy and Lee, 2016; Wang Y et al., 2017). In contrast, the treatment with AgNPs minimizes irregular cavities and the undulating surface of orthodontic wires, thereby minimizing adherence of S. mutans (Figure 5 and Figure 9).
Finally, we can conclude that as-synthesized AgNPs showed remarkable antibacterial potential against both resistant and sensitive isolates of the bacteria. The adsorption of as-synthesized AgNPs on orthodontic wires imparts strong antibacterial attributes to the Ni-Ti orthodontic wires. We speculate that AgNP-impregnated orthodontic wires acquire an intrinsic potential to inhibit bacterial growth upon their use in clinical settings.
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