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There is grave necessity to counter the menace of drug-resistant biofilms of pathogens using nanomaterials. Moreover, we need to produce nanoparticles (NPs) using inexpensive clean biological approaches that demonstrate broad-spectrum inhibition of microbial biofilms and cytotoxicity against HepG2 cell lines. In the current research work, titanium dioxide (TiO2) NPs were fabricated through an environmentally friendly green process using the root extract of Withania somnifera as the stabilizing and reducing agent to examine its antibiofilm and anticancer potential. Further, X-ray diffraction (XRD), Fourier transform infrared (FTIR), scanning electron microscopy (SEM), transmission electron micrograph (TEM), energy-dispersive X-ray spectroscopy (EDS), dynamic light scattering (DLS), thermogravimetric analysis (TGA), and Brunauer-Emmett-Teller (BET) techniques were used for determining the crystallinity, functional groups involved, shape, size, thermal behavior, surface area, and porosity measurement, respectively, of the synthesized TiO2 NPs. Antimicrobial potential of the TiO2 NPs was determined by evaluating the minimum inhibitory concentration (MIC) against Escherichia coli, Pseudomonas aeruginosa, methicillin-resistant Staphylococcus aureus, Listeria monocytogenes, Serratia marcescens, and Candida albicans. Furthermore, at levels below the MIC (0.5 × MIC), TiO2 NPs demonstrated significant inhibition of biofilm formation (43–71%) and mature biofilms (24–64%) in all test pathogens. Cell death due to enhanced reactive oxygen species (ROS) production could be responsible for the impaired biofilm production in TiO2 NP–treated pathogens. The synthesized NPs induced considerable reduction in the viability of HepG2 in vitro and could prove effective in controlling liver cancer. In summary, the green synthesized TiO2 NPs demonstrate multifarious biological properties and could be used as an anti-infective agent to treat biofilm-based infections and cancer.
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INTRODUCTION

In the last decade, the world has witnessed tremendous advancements in the field of nanoscience and its applicability in diverse domains, including academics, industry, and medicine. The distinct physicochemical characteristics and high surface area-to-volume ratio of nanoparticles (NPs) make them attractive candidates for the development of biocompatible materials that can be used in industries and clinical settings (Eisa et al., 2019). Metallic NPs with desired properties have been synthesized using several physical and chemical methods; however, these methods are expensive, utilize hazardous chemicals, require high levels of energy, and expel toxic byproducts that are deleterious to the environment (Patra and Baek, 2015). Therefore, we need methods that exert minimum risk on the environment and also are economically cost effective.

In recent years, bioinspired fabrication of NPs using various biological systems, such as microorganisms (Oves et al., 2019) and plants (Al-Shabib et al., 2016, 2018b), has gained momentum. The plant-mediated NP synthesis has generated lot of interest due to the wide availability of the plants; safe, clean, and eco-friendly synthesis; and low energy consumption (Rajkumari et al., 2019). Aqueous extracts of various plant parts, including seeds, roots, leaves, stems, and fruits have been used for metallic NP synthesis. The phytoconstituents in the extract act as reducing and stabilizing agents for non-toxic NP production (Siddiqi et al., 2018).

The phytomediated synthesis of titanium oxide (TiO2) NPs has great potential in producing anti-infective agents. Titanium oxide NPs are documented to be safe, stable, non-toxic, and having surface activity; hence, they are among the most widely used nanomaterials. The biomediated production of TiO2 NPs has found application in disease treatment, surgical product manufacture, photocatalysis, tissue engineering, agriculture, and cosmetics (Nadeem et al., 2018). Various plants and their parts have been reported for the production of TiO2 NPs, including Acanthophyllum laxiusculum (roots), Aloe barbadensis (leaves), Annona squamosa (peel), Calotropis gigantea (flower), Cicer arietinum (seeds), and Dandelion (pollen) (Marimuthu et al., 2013; Bao et al., 2012; Roopan et al., 2012; Kashale et al., 2016; Madadi and Lotfabad, 2016; Rajkumari et al., 2019).

Withania somnifera, a member of the solanaceae family, is a well-known medicinal plant in Ayurvedic and Unani system of medicine, commonly called as Ashwagandha. The plant has been documented to exhibit medicinal benefits against several ailments, including neurodegenerative diseases, cancer, and chronic diseases The antibacterial activity of W. somnifera has been explored for many decades. Studies have shown that its extracts demonstrated bactericidal potential against methicillin-resistant Staphylococcus aureus, Streptococcus pyogenes, Enterococcus faecalis, Klebsiella pneumoniae, and Escherichia coli (Rizwana, 2012). To date, numerous researchers have synthesized NPs using W. somnifera. For instance, silver NPs synthesized from the aqueous extract of W. somnifera exhibited broad-spectrum antibacterial and antibiofilm activity. A study reported its multiple modes of action, including microbial growth inhibition, cell membrane damage, and reactive oxygen species (ROS) production (Qais et al., 2018). Studies on TiO2 NP synthesis from W. somnifera are still scarce, and this probably is the first report on TiO2 NP synthesis from this plant.

In most natural environments, bacteria and fungi prefer to grow in biofilm mode. Microbial biofilms are a complex ecosystem comprising of one or more species embedded in an exopolysaccharide (EPS) matrix (Galié et al., 2018). Formation of biofilm starts with the adherence of the cells to an inert surface and culminates by the formation of cell clusters embedded in EPS matrix secreted by the microbe (Johnson, 2008). Biofilm control and eradication are a major area of concern for environmentalists, food technologists, and clinicians, as it manifests the microbial community resistant to antimicrobials and disinfectants (Baptista et al., 2018). Further, drug-resistant biofilms on medical implants, such as catheters, sutures, and dental implants, lead to severe persistent infection. Further, it makes the treatment more expensive and harassing for the patient (Costerton et al., 2005). Biofilm structures are formed on different artificial surfaces in the food industry, such as stainless steel, glass, and rubber. This leads to pathogenicity, corrosion of metal surfaces, and organoleptic property alteration, which is critical to various agro-based industries (Galié et al., 2018). In addition to conferring resistance to microbes, reports indicated that biofilm formation has a potential etiologic role in cancer development (Rizzato et al., 2019). Experimental evidence has suggested that cancer initiation and development may be a consequence of the pro-oncogenic properties of biofilms formed by invasive pathogenic bacteria (Johnson et al., 2015).

Considering the deleterious effects of biofilms in infections and cancer, we synthesized TiO2 NPs from the root extract of W. somnifera and characterized them using various spectroscopic and microscopic techniques. Further, we studied its broad-spectrum antibiofilm potential against E. coli, Pseudomonas aeruginosa, methicillin-resistant S. aureus, Listeria monocytogenes, Serratia marcescens, and Candida albicans. In addition, we also explored the effects of newly synthesized TiO2 NPs on human liver cancer cell line HepG2.



MATERIALS AND METHODS


Collection of Plant Sample and Preparation of Aqueous Extract

The root of W. somnifera was obtained from The Himalaya Drug Company, Dehradun, India. The authentication and identification of the plant material were done at Himalaya Drug Company, as well as at the Department of Botany, AMU, Aligarh, and a voucher specimen (WS/R-AGM/HDCO/01-2017) is submitted at the Department of Agricultural Microbiology, AMU, Aligarh, India. A 5% aqueous extract was prepared in of double-distilled water by heating at 100°C for 1 h. The suspension was centrifuged (15,000 × g for 10 min) and filtered to obtain the extract.



Synthesis of Porous TiO2 Nanoparticles (TiO2 NPs)

The fine root powder of W. somnifera was washed and dried and then used to make aqueous extract by boiling. The synthesis of TiO2 NPs was carried out using aqueous extract of W. somnifera by previously method with slight modifications (Velayutham et al., 2012). The obtained root extract was mixed with titanium (IV) oxide (5 mM) in a round-bottom flask under constant stirring. In the reaction mixture, 1 mM NaOH was added drop-wise and stirred at 70°C for 3 h. The as-prepared white TiO2 NPs NPs were separated by centrifugation (15,000 × g, 20 min), washed thrice with distilled water and then with ethanol, and dried overnight at 120°C to obtain porous fine powder that was further characterized by various structural and morphological techniques. The synthesis of nanomaterial via green route is simple, efficient, facile, inexpensive, and ecofriendly that does not require any special condition, such as vacuum, urbane instrument, catalyst, or template, and so on.



Characterization

X-ray diffraction (XRD) measurements were conducted using a Rigaku Ultima IV diffractometer (Japan) with CuKα radiation (α = 1.54056 Å). Fourier transform infrared (FTIR) spectra were measured with a JASCO spectrometer 4100 (United States) using the KBr pellet technique. The thermal stability of the porous sample was studied using Mettler Toledo thermogravimetric analysis (TGA)/DSC 1 STARe thermogravimetric analyzer (Switzerland) between 50°C and 900°C. The porosity and Brunauer-Emmett-Teller (BET) surface area measurement of the sample were measured at liquid nitrogen temperature with a Micromeritics TriStar 3000 analyzer (Germany) at 77 K. Pretreatment of the samples was done at 200°C for 3 h under high vacuum. Pore-size distributions were calculated using the BJH model on the adsorption branch. Transmission electron micrographs (TEMs) were obtained using a JEOL 2010 microscope (United States) operating at an accelerating voltage of 80 kV. The sample was prepared by placing and evaporating a drop of the sample in ethanol on a carbon-coated gold grid. Scanning electron microscopy (SEM)–energy-dispersive X-ray spectroscopy (EDS) of TiO2 NPs was examined by scanning electron microscopy (SEM, JSM-7001F; JEOL, United States) equipped with EDS. The NP size distribution and zeta potential results were carried out by dynamic light scattering (DLS) on Malvern zeta potential/particle size analyzer (United Kingdom). The zeta potential values were obtained by applying the Helmholtz–Smoluchowski equation built into the Malvern. Prior to the measurement, 10 mg of the sample was sonicated in distilled water for 10 min. The measurements were repeated three times for each sample.



Microbial Strains and Growth Conditions

Six pathogens, namely, E. coli ATCC 35218, P. aeruginosa ATCC 27853, methicillin-resistant S. aureus (MRSA) ATCC 43300, L. monocytogenes ATCC 19114, S. marcescens ATCC 13880, and C. albicans ATCC 10231 were used. All bacteria were preserved on nutrient agar at 4°C, and the lone fungus used in the study was maintained in Sabouraud dextrose agar. Bacterial strains were cultured on nutrient broth at 37°C, whereas Sabouraud dextrose broth was used to grow C. albicans.



Determination of Minimum Inhibitory Concentration and Minimum Bactericidal Concentration

The broth microdilution method using TTC (2,3,5-triphenyl tetrazolium chloride) was adopted to determine the minimum inhibitory concentration (MIC) of TiO2 NPs against all test pathogens. Further, minimum bactericidal concentration (MBC) was determined by macrobroth dilution assay. Test pathogens were grown overnight in media containing TiO2 NPs concentrations (0.5–256 μg/mL) (Qais et al., 2019).



Biofilm Inhibition Assay

Overnight-grown pathogens were diluted in wells containing fresh tryptic soy broth and respective 0.5 × MIC (E. coli: 16, P. aeruginosa: 32, L. monocytogenes: 64, S. marcescens: 8, methicillin-resistant S. aureus: 32, and C. albicans: 64 μg/mL) of TiO2 NPs and incubated at 37°C for a day. After 24 h, the broth was decanted, and the wells were rinsed three times. The cells attached in each well were stained with 1% crystal violet. After 15 min, stain was decanted, and the wells were washed to remove excess stain. Stain was dissolved in ethanol (200 μL), and absorbance was read at 585 nm to determine inhibition (Hasan et al., 2019).



Microscopic Analysis of Biofilm Inhibition

Biofilm inhibition upon treatment with 0.5 × MIC of TiO2 NPs was observed under confocal laser scanning microscope (CLSM) as previously described (Rajkumari et al., 2019).



Quantification of EPSs

Test bacteria cultured in the presence and absence of 0.5 × MIC of TiO2 NPs were centrifuged, and the filtered supernatant was mixed with chilled ethanol and incubated at 4°C for 18 h to precipitate the EPSs. Phenol–sulfuric acid method to estimate sugars was employed to quantify EPS (Al-Shabib et al., 2018a).



Protein Leakage Assay

In 10 mL growth media, test bacteria, and NPs were added in such a way that the final concentration attained was 0.5 × MIC. The cells were incubated at 37°C with 150 revolutions/min shaking and examined at 0 and 4 h to determine protein leakage. Incubated cells were centrifuged at 18,000 × g, and the resulting supernatants were stored at −20°C. Bradford reagent was used to determine the protein concentration in the supernatants (Qayyum et al., 2017).



DISRUPTION OF MATURE BIOFILMS

Biofilms of the test pathogens were allowed to grow for 24 h in the wells of a microtiter plate. After incubation, media containing unattached cells was discarded, and adhering cells were incubated again for 24 h in media amended with 0.5 × MIC of TiO2 NPs. Non-adhering cells were washed with sterile water, and cells bound to walls of the well were stained with crystal violet for 15 min. Absorbance was read at 585 nm after removing the excess stain (Al-Shabib et al., 2018a).


Effect on ROS Production

Intracellularly produced ROS in the test pathogens that were untreated or treated with TiO2 NPs was determined using an oxidation-sensitive fluorescent probe, 2,7-dichlorofluoroscein diacetate (Qais et al., 2018). The experiment was performed at the respective 0.5 × MICs (E. coli: 16, P. aeruginosa: 32, L. monocytogenes: 64, S. marcescens: 8, methicillin-resistant S. aureus: 32, and C. albicans: 64 μg/mL).



Cytotoxicity Assessment of TiO2 NPs

HepG2 (ATCC HB-8065) human hepatocellular carcinoma cells and HEK-293 (ATCC CRL-1573) human embryonic kidney cells were obtained from the American Type Culture Collection (Manassas, VA, United States), cultured in Dulbecco modified eagle medium supplemented with 10% fetal bovine serum, 0.2% sodium bicarbonate, and antibiotics at 37°C under humid condition with 5% carbon dioxide, and were used to assess the anticancer potential of TiO2 NPs. HepG2 cells with 98% viability and passage numbers 20 and 22 were selected for dimethylthiazol diphenyltetrazolium bromide (MTT) and the neutral red uptake (NRU) assays.



MTT Assay

The cell viability of TiO2 NP–treated HepG2 and non-tumorigenic HEK-293 cells was assessed using yellow dye MTT. Furthermore, cells (104) were seeded in 96-well microtiter plate and kept in a CO2 incubator for 24 h for adherence. Different concentrations of TiO2 NPs were added, and plate was incubated for another 24 h. MTT (10 μL) was added to each well, and the reaction mixture was kept for 4 h. Dimethyl sulfoxide (200 μL) was added after discarding the supernatant, and absorbance was read at 550 nm (Farshori et al., 2014).



NRU Assay

Neutral red uptake assay was also executed to assess the cytotoxicity employing an earlier reported protocol (Al-Ajmi et al., 2018). Concisely, the medium was aspirated with TiO2 NPs posttreatment; the HepG2 cells were washed twice and left for 3-h incubation in a medium containing neutral red (50 μg/mL). Solution comprising 0.5% formaldehyde and 1% calcium chloride was used to wash the reaction mixture. The dye was extracted by incubating the cells in a mixture of ethanol (50%) and acetic acid (1%) for 20 min at 37°C. Absorbance was measured at 540 nm.



Statistical Analysis

All experiments were done in triplicate, and data are presented as mean values. The level of significance was analyzed using Student t test in Sigma Plot 12.



RESULTS AND DISCUSSION


Synthesis and Characterization of TiO2 NPs

The aqueous extract of W. somnifera root contains several major active phytochemicals such as withanolides, sitoindosides, amino acids, alkaloids, phenolic compounds, flavonoids, and several other bioactive metabolites (Dar et al., 2015). These compounds act as the stabilizing/capping agent for TiO2 NPs biosynthesis. Synthesized NPs were characterized using XRD, FTIR, DLS, TGA, BET surface area, SEM, and TEM techniques. In this study, a green approach was deployed for the TiO2 NPs synthesis using W. somnifera extract at room temperature. The TiO2 suspension was whitish, which changed to light green by the addition of extract, indicating the formation of TiO2 NPs. The primary characterization of TiO2 NPs synthesis was done recording the UV-Vis spectra. The bulk TiO2 showed an absorbance maximum at 440 nm, which blue-shifted to 395 nm after 6 h of reaction, advising the formation of NPs as shown in Figure 1A (Kirthi et al., 2011). This agrees with a previous finding where TiO2 NPs synthesis was confirmed by an absorption peak at 380 nm of UV-Vis spectrum (Murugan et al., 2016).
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FIGURE 1. (A) UV-Vis spectra of bulk TiO2 and TiO2 NPs. (B) X-ray powder diffraction patterns of the TiO2 NPs. Peak information is provided as (2θ: intensity). (C) FTIR spectrum of TiO2 NPs. (D) TG-DTG decomposition curve of TiO2 NPs.


The phase structure of the synthesized TiO2 NPs was characterized by XRD. Figure 1B presents the XRD pattern of the synthesized sample. The diffraction peaks in the prepared sample can be indexed to the anatase structure phase (JCPDS card no. 21-1272). The synthesized TiO2 NPs exhibited diffraction peaks at 25.64°, 37.07°, 37.90°, 38.73°, 48.21°, 53.89°, 55.19°, 62.72°, 68.93°, 70.47°, 75.22°, and 76.28°. No feature peaks of rutile (27.45°) were observed, and the Brookite form of TiO2 NPs and extract/other compounds appeared in the sample. The average crystallite size of the NPs sample was calculated from the anatase FWHM (25.64°) reflection plane using Scherrer formula and found to be 45.28 nm. The anatase diffraction planes were sharp, indicating good TiO2 NP crystallization.

Fourier transform infrared analysis was performed to assess the role of various phytoconstituents, mainly functional groups, of presence in the extract that were responsible for the capping and stabilization of TiO2 NPs. The FTIR spectrum of synthesized TiO2 NPs is shown in Figure 1C. A broad and consistent band in IR spectrum of TiO2 NPs from 430 to 850 cm–1 corresponds to the vibration of metal–oxygen (Yan et al., 2004; Amlouk et al., 2006). Moreover, prominent peaks in the 450- to 800-cm–1 range are due to Ti–O and Ti–O–O stretching vibrations, confirming the formation of TiO2 NPs (Sankar et al., 2014; Rajakumar et al., 2015). The formation of TiO2 NPs was also confirmed by the absorption band near 547 cm–1 that corresponds to Ti–O bond (Zhang et al., 2003; Kang et al., 2009). A broadband nearly at 3,429 cm–1 is because of the O–H stretching vibration of the interlayer physically absorbing water molecules and of the H–bound OH group (Das et al., 2002). The transmittance band at 2,919 cm–1 is due to the vibrational mode of C–H stretching. The peak clearly observed at 1,634 cm–1 was assigned to the bending vibration of water molecules (Li et al., 2005). The band observed at 2,352 cm–1 was assigned to the existence of CO2 molecule in air. The presence of reducing sugars and terpenoids in plant extract plays a role in reduction of metal ions and formation of metal NPs (Marchiol et al., 2014). It has been documented that the proteins present in the plant extract act as a capping agent (Niraimathi et al., 2013). The possible mechanism of capping of the metal NPs in green synthesis is because of the interactions of various phytocompounds present in sufficiently high concentration such as flavanones, terpenoids, alkaloids, and so on, with the particles (Ali et al., 2015). Therefore, the FTIR results indicate that the phytocompounds of root extract of W. somnifera were responsible for the synthesis, as well as stabilization and/or stabilization of TiO2 NPs.

Thermal decomposition performance was carried out in nitrogen gas from 25°C to 900°C and displayed in Figure 1D. The TGA curve readily showed three steps of weight loss, as confirmed by the DTG curve. The weight loss up to 900°C of the as-prepared sample is approximately 5.6%. The first weight loss up to 300°C was ascribed to desorption of physically adsorbed/retained water and volatility of the alcohol and acetone solvent. The second weight loss between 300°C and 650°C reflected the elimination of chemically bounded water and the thermal decomposition of plant organic residues. Above 650°C, the weight loss became fairly insignificant, indicating the formation of anatase TiO2 NPs (Yodyingyong et al., 2011).

The adsorption–desorption isotherm and pore width distribution are presented in Figure 2A. It shows that NPs have type IV isotherm with hysteresis loops of H3 (Yu et al., 2010). Type IV adsorption–desorption isotherms indicated the existence of mesoporous entities (4–20 nm, average pore diameter of approximately 24.53 nm), which provide broad surface for biological activity. The plot of differential volumes versus pore diameters indicated a narrower pore-size distribution. It exhibited a specific surface area of about 10.70 m2/g with specific pore volume of 0.065 cm3/g.
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FIGURE 2. (A) N2 adsorption–desorption isotherms and pore-size distribution curves (inset) of the TiO2 NPs. (B) Hydrodynamic size (i) and zeta potential (ii) of the TiO2 NPs. (C) TEM (i,ii), SEM (iii–v), and EDS (vi) micrographs of TiO2 NPs.


The DLS graph of TiO2 NPs are shown in Figure 2B. The dynamic light-scattering technique is an efficient method to measure particle diameter and zeta potential in the original grain size distribution. The DLS study indicated the TiO2 NPs to have an average size of 247 nm, with an intercept of 0.918 and a high–low polydispersity index of 0.631 (Figure 2Bi). The zeta potential of the TiO2 NPs was found to be −24 mV (Figure 2Bii) that also evidenced for the stability of TiO2 NPs. This negative potential was due to a good capping layer of the extract surrounding the NPs (Ravichandran et al., 2016). The size obtained from DLS analysis was greater than those observed in TEM and SEM because the hydrodynamic diameter was considered in the DLS measurement.

The size and morphology of TiO2 NPs were characterized by TEM and SEM-EDS. Typical TEM images are shown in Figures 2Ci,ii. The TEM results confirmed that the TiO2 NPs were aggregates of spherical and square NPs, and the size of TiO2 NPs ranged from 50 to 90 nm. The tendency for agglomeration was caused by van der Waals interactions between individual particles. The TEM image at lower magnification depicted a spherical structure while at high magnification shows the spherical and square shape. The SEM images and EDS spectrum of the sample were taken at 2,000 × magnification, which is shown in Figures 2Ciii–vi. It revealed that the overall surface morphology was spherical in shape, porous in nature, and variable in size. The size of NPs varied from 40 to 100 nm, which agreed with the TEM result. The elemental compositions of TiO2 NPs have been analyzed by EDS, as shown in Figure 2Cvi. The elemental compositions revealed that Ti and O were present nearly as per the expected stoichiometry (inset Figure 2C vi). The EDS spectrum showed the presence of Ti and O peaks around 4.5 and 0.5 KeV, respectively. The EDS spectrum analysis also revealed that the fabricated TiO2 NPs were free from any other impurities.



Antibiofilm Activity of TiO2 NPs

Minimum inhibitory concentration of synthesized TiO2 NPs was determined against all test pathogens. Among bacteria, the highest MIC value of 64 μg/mL was exhibited by L. monocytogenes, whereas S. marcescens with MIC of 8 μg/mL was found to be the most sensitive, as shown in Figure 3A. Titanium oxide NPs failed to show any bactericidal activity at concentrations lower than 32 μg/mL toward E. coli, P. aeruginosa, and MRSA. Hence, the 32 μg/mL concentration was considered as the MIC for these three bacteria. Titanium oxide NPs were inhibitory to C. albicans at a 64 μg/mL concentration. The MBC values of TiO2 NPs against test pathogens ranged from 16 to 128 μg/mL as depicted in Figure 3A. Similar antimicrobial potential of green synthesized TiO2 NPs was reported previously (Jayaseelan et al., 2013; Rajkumari et al., 2019).
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FIGURE 3. (A) Antibacterial activity of TiO2 NPs. Bar represents MIC and MBC values in μg/mL of TiO2 NPs against test pathogens. (B) Effect of 0.5 × MIC of TiO2 NPs on biofilm formation. **significance at p ≤ 0.01, and ***significance at p ≤ 0.005.


Drug resistance poses an enormous threat to public health and environment. Biofilms immensely contribute to acquiring and disseminating resistance. These are well-organized multicellular aggregated communities enclosed in a self-secreted envelope of EPSs that prevents antimicrobial diffusion. Further, close proximity and high density of the cells facilitate the transfer of genetic material among the biofilm-making microbes, which is a hotspot for drug resistance (Balcázar et al., 2015). Biofilm-related infections account for spreading various diseases, especially in cases related to medical implants. As far as the food-based industry is concerned, biofilm formation on food matrixes, food contact surfaces, or machines can lead to persistent infections, leading to food-borne diseases (Galié et al., 2018). Hence, microbial biofilm control using eco-friendly NPs is a promising approach in preventing the spread of infection and diseases.

In the current investigation, 0.5 × MIC of TiO2 NPs was considered to explore its biofilm inhibitory potential against a range of bacteria and C. albicans. The results of the biofilm inhibition assay are summarized in Figure 3B. Among bacteria, the highest inhibition of 71% was recorded in MRSA, and the lowest was recorded in L. monocytogenes (43%). Inhibition of biofilm formation in E. coli, P. aeruginosa, and S. marcescens was observed to be 60%, 51%, and 57%, respectively, compared with the untreated control. Biofilm formation in C. albicans was significantly reduced with 32 μg/mL concentration of TiO2 NP treatment. The percent reduction in biofilm formation was recorded to be 59% over the untreated Candida biofilm, as shown in Figure 3B. This is probably the first report demonstrating TiO2 NPs’ broad-spectrum biofilm inhibitory activity. Previously, TiO2 NP have been reported to demonstrate significant biofilm reduction in oral bacteria Streptococcus mitis (Khan et al., 2016).

The in vitro microtiter plate biofilm inhibition assay results were further confirmed by microscopic analysis. CLSM images showed obliterated biofilm structures in all the pathogens treated with their respective sub-MICs of TiO2 NPs (Figure 4). The untreated control strains showed dense clusters of microbial aggregation, and cells exhibited normal morphology. In contrast, altered biofilm structures were observed in NP-treated cells. Microbial cells were scattered and less dense compared with the untreated control.
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FIGURE 4. Confocal laser scanning microscopy images. Untreated biofilms of (A) E. coli, (B) P. aeruginosa, (C) S. marcescens, (D) L. monocytogenes, and (E) C. albicans; inhibition of biofilm by 0.5 × MIC (F) E. coli, (G) P. aeruginosa, (H) S. marcescens, (I) L. monocytogenes, and (J) C. albicans.


Exopolysaccharides are a very important component of the biofilm architecture, as they not only provide structure stability but also protect cells from environmental stresses, entry of antimicrobials, and disinfection (Flemming et al., 2007). Therefore, intrusion in EPS production will certainly have adverse effects on the biofilm-forming capability of the pathogens. We found statistically significant reduction in EPS production of the test pathogens in the presence of 0.5 × MICs of synthesized NPs, as shown in Figure 5A. Among the Gram-positive bacteria, MRSA and L. monocytogenes showed 81% and 70% decrease in EPS production, respectively, whereas the group of Gram-negative bacteria, namely, E. coli, P. aeruginosa, and S. marcescens, exhibited 79%, 84%, and 64% reduction, respectively. Our findings agree with the researchers who reported reduced EPS production by P. aeruginosa upon treatment with 31.25 μg/mL concentration of TiO2 NPs synthesized from the leaves of A. barbadensis (Rajkumari et al., 2019).
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FIGURE 5. (A) Inhibitory effect of TiO2 NPs on EPS production by test pathogens. ***significance at p ≤ 0.005. (B) Biofilm disruption effect of TiO2 NPs. *Significance at p ≤ 0.05, **significance at p ≤ 0.01, and ***significance at p ≤ 0.005.




Inhibition of Mature Preformed Biofilms

Mature biofilms are hard to eradicate using chemical agents, owing to the drug resistance that biofilm imparts to the microbial cells residing in this mode. The efficacy of TiO2 NPs in eradicating mature preformed biofilms of the bacterial and fungal pathogens was examined. Figure 5B shows histograms depicting the TiO2 NP–induced reduction in the preformed biofilms of the test pathogens. Our data reveal statistically significant disruption of 45%, 65%, 49%, 64%, 24%, and 46% in E. coli, P. aeruginosa, L. monocytogenes, MRSA, S. marcescens, and C. albicans preformed biofilms, respectively. Biofilm matrix comprising different kinds of biomolecules, such as peptides, polysaccharides, and nucleic acids, is responsible for forming the barrier against antimicrobial agents (Costerton et al., 1999). The assay findings clearly demonstrate that the synthesized NPs could breach the barrier and disrupt the biofilm. For the first time, we reported the broad-spectrum obliteration of bacterial and Candida mature biofilms by TiO2 NPs.



Mechanism of Biofilm Inhibition


Protein Leakage Assay

We performed the leakage assay to study TiO2 NPs’ possible mode of action on inhibiting biofilm formation. Significant upsurge in the released protein content in NP-treated samples was observed after 4 h of incubation (Figure 6A). These increased protein content suggested that NPs lysed and destructed the cell wall of the test pathogens, leading to cell death and eventually inhibiting biofilm formation. In a recent report, similar protein leakage due to changes in the membrane permeability of E. coli and S. aureus cells treated with TiO2 NPs has been demonstrated (Khater et al., 2020).
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FIGURE 6. (A) Protein leakage from test pathogens treated with 0.5 × MIC of TiO2 NPs. (B) Induction of ROS generation in test pathogens treated with 0.5 × MIC of TiO2 NPs. *Significance at p < 0.05.




ROS Generation Studies

The relative amount of ROS generated in the presence and absence of TiO2 NPs is summarized in Figure 6B. The considerable effect on intercellular ROS production was recorded upon exposure to 0.5 × MIC of TiO2 NPs. The highest ROS increase of 42% was recorded for P. aeruginosa, followed by C. albicans (33%), E. coli (31%), S. marcescens (25%), and MRSA (22%), and the least was recorded for L. monocytogenes (19%). ROS generation is one of the chief mechanisms by which NPs interfere with normal microbial cell functions. The ROS-scavenging enzymes present in the bacterial cell neutralize ROS generated in untreated cells, whereas in the NP-treated bacterial cells, enhanced ROS levels overpower the ROS-scavenging enzymes, leading to oxidative stress, which results in lipid peroxidation and, eventually, cell death (Kulshrestha et al., 2017). Hence, we expected that the intracellular ROS produced by TiO2 NP–treated cells of the test pathogens overpowered the cellular antioxidant defense system and caused cell mortality by inducing oxidative stress. Our results also showed that ROS generation was lower in Gram-positive bacteria, possibly due to their thick cell wall (Al-Shabib et al., 2018a).



Cytotoxicity Studies


MTT and NRU Assay

Anticancer properties of synthesized TiO2 NPs against HepG2 were assayed by MTT and NRU. Effect on HepG2 cells exposed to different TiO2 NP concentrations (25–200 μg/mL) is depicted in terms of cell viability (%) in Figures 7A,B. Titanium oxide NPs induced concentration-dependent decrease in cell viability of HepG2. Cell viability was recorded as 92%, 88%, 40%, and 26% at 25, 50, 100, and 200 μg/mL concentrations, respectively, using MTT assay (Figure 7A). Further, TiO2 NPs demonstrated insignificant toxicity against non-tumorigenic HEK293 (human embryonic kidney) cells; more than 93% cells were viable at the highest tested concentration of 200 μg/mL (Supplementary Figure S1). Similar concentration-dependent cell viability reduction was recorded with NRU assay. The viability of HepG2 cells was found to be 79%, 33%, 25%, and 22% at 25, 50, 100, and 200 μg/mL TiO2 NP concentrations, in comparison with untreated cells (100%) (Figure 7B). The IC50 values obtained were 83.3 and 37.3 μg/mL, respectively, through the MTT and NRU assays.


[image: image]

FIGURE 7. (A) Cytotoxicity determination by MTT assay against HepG2 cell lines. (B) Cytotoxicity determination by NRU assay against HepG2 cell lines. *Significance at p ≤ 0.05, **significance at p ≤ 0.01, and ***significance at p ≤ 0.005. (C) HepG2 cells exposed to TiO2 NPs for 24 h. (a) Control, (b) 50 μg/mL, (c) 100 μg/mL, and (d) 200 μg/mL.


Microscopic analysis also showed concentration-dependent changes in the morphology of HepG2 cells. Most of the cells at 50–200 μg/mL concentration lost normal morphology, appeared round in shape, decreased cell density, and highly reduced cell adhesion capacity (Figure 7C).

Both these assays are sensitive and integrated to measure the anticancer activity of synthesized NPs. The MTT assay evaluates mitochondrial function, whereas NRU assesses lysosomal functions (Ahamed et al., 2017). Possible mechanism of cytotoxicity exhibited by TiO2 NPs could be the enhanced production of ROS as reported by several workers. Increased ROS levels get the better of the antioxidant defense system, leading to oxidative stress, which triggers apoptosis causing cell shrinkage (Jin et al., 2008; Sha et al., 2011). Similar concentration-dependent HepG2 cell cytotoxicity by TiO2 NPs synthesized from Bacillus cereus has also been demonstrated (Sunkar et al., 2014). Bacterial biofilms formed in human intestines have been reported to sustain and trigger colorectal cancer progression. Molecular processes involved in the interaction of carcinogenic factors formed by pathogens, their biofilms, and the host’s response in colorectal cancer initiation and progression have also emerged (Mirzaei et al., 2020). Furthermore, the aggregation of bacteria in biofilms was reported to cause injuries and inflammation of intestinal epithelial tissues, thus aggravating the cancer (Gao et al., 2015). Experimental evidence has suggested that initiation and development of cancer are a consequence of pro-oncogenic properties of biofilms formed by invasive pathogenic bacteria (Johnson et al., 2015). Because microbial biofilm is reported to play a critical etiologic role in cancer development, biofilm inhibition, along with TiO2 NP–induced cytotoxicity, is an important finding.



CONCLUSION

In summary, we achieved successful phytomediated synthesis of green TiO2 NPs from root extract of W. somnifera, assessed the broad-spectrum biofilm inhibitory activity against bacterial and fungal pathogens, and evaluated HepG2 cytotoxicity. Root extracts of W. somnifera acted as a reducing, capping, and stabilizing agent for the synthesis of TiO2 NPs. Synthesized TiO2 NPs demonstrated significant biofilm inhibition and destruction of preformed biofilms of P. aeruginosa, C. albicans, E. coli, S. marcescens, MRSA, and L. monocytogenes. Impaired biofilm formation could plausibly be due to the cell death caused by intracellular ROS generation in TiO2 NP–treated pathogens. Furthermore, different concentrations of TiO2 NPs induced significant reduction in HepG2 cancer cell viability. Thus, the synthesized green NPs could prove as effective agents in the treatment of biofilm-based bacterial and fungal infections. Further, these NPs could also have a positive impact in the food industry by reducing environmental biofouling. Moreover, because biofilm formation sustains and triggers cancer development, the cytotoxicity of these NPs against human hepatic cancer cell line HepG2, along with its broad-spectrum biofilm inhibition, can be exploited to prevent and control cancers, with respect to pharmacologic treatments. Finally, more molecular and animal model investigations are requisite to uncover the exact mechanisms.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

NA-S, FH, FQ, and NA conceived and designed the experiments. FH, FQ, AK, AA, MA, SN, PA, NA, and JK performed the experiments. FH, FQ, NA, MA, SN, PA, TA, JK, AK, and SS performed the experiments and analyzed the data. NA-S, FH, FQ, JK, PA, SN, TA, and AA wrote the manuscript. All authors reviewed and approved the manuscript.



FUNDING

The authors extend their appreciation to Deanship of Scientific Research at King Saud University for funding this work through Research Group No. RGP-1439-014.


ACKNOWLEDGMENTS

The authors thank the Deanship of Scientific Research and RSSU at King Saud University for their technical support.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.01680/full#supplementary-material



REFERENCES

Ahamed, M., Khan, M. A. M., Akhtar, M. J., Alhadlaq, H. A., and Alshamsan, A. (2017). Ag-doping regulates the cytotoxicity of TiO2 nanoparticles via oxidative stress in human cancer cells. Sci. Rep. 7:17662. doi: 10.1038/s41598-017-17559-9

Al-Ajmi, M. F., Hussain, A., Alsharaeh, E., Ahmed, F., Amir, S., Anwar, M. S., et al. (2018). Green synthesis of zinc oxide nanoparticles using alstonia macrophylla leaf extract and their in-vitro anticancer activity. Sci. Adv. Mater. 10, 349–355. doi: 10.1166/sam.2018.2983

Ali, K., Ahmed, B., Dwivedi, S., Saquib, Q., Al-Khedhairy, A. A., and Musarrat, J. (2015). Microwave accelerated green synthesis of stable silver nanoparticles with eucalyptus globulus leaf extract and their antibacterial and antibiofilm activity on Clinical Isolates. PLoS One 10:e0131178. doi: 10.1371/journal.pone.0131178

Al-Shabib, N. A., Husain, F. M., Ahmed, F., Khan, R. A., Ahmad, I., Alsharaeh, E., et al. (2016). Biogenic synthesis of Zinc oxide nanostructures from Nigella sativa seed: prospective role as food packaging material inhibiting broad-spectrum quorum sensing and biofilm. Sci. Rep. 6:36761. doi: 10.1038/srep36761

Al-Shabib, N. A., Husain, F. M., Ahmed, F., Khan, R. A., Khan, M. S., Ansari, F. A., et al. (2018a). Low temperature synthesis of superparamagnetic iron oxide (Fe3O4) nanoparticles and their ROS mediated inhibition of biofilm formed by food-associated bacteria. Front. Microbiol. 9:2567. doi: 10.3389/fmicb.2018.02567

Al-Shabib, N. A., Husain, F. M., Hassan, I., Khan, M. S., Ahmed, F., Qais, F. A., et al. (2018b). Biofabrication of zinc oxide nanoparticle from Ochradenus baccatus Leaves: broad-spectrum antibiofilm activity, protein binding studies, and in vivo toxicity and stress studies. J. Nanomater. 2018, 1–14. doi: 10.1155/2018/8612158

Amlouk, A., El Mir, L., Kraiem, S., and Alaya, S. (2006). Elaboration and characterization of TiO2 nanoparticles incorporated in SiO2 host matrix. J. Phys. Chem. Solids 67, 1464–1468. doi: 10.1016/j.jpcs.2006.01.116

Balcázar, J. L., Subirats, J., and Borrego, C. M. (2015). The role of biofilms as environmental reservoirs of antibiotic resistance. Front. Microbiol. 6:1216. doi: 10.3389/fmicb.2015.01216

Bao, S. J., Lei, C., Xu, M. W., Cai, C. J., and Jia, D. Z. (2012). Environment-friendly biomimetic synthesis of TiO 2 nanomaterials for photocatalytic application. Nanotechnology 23:205601. doi: 10.1088/0957-4484/23/20/205601

Baptista, P. V., McCusker, M. P., Carvalho, A., Ferreira, D. A., Mohan, N. M., Martins, M., et al. (2018). Nano-strategies to fight multidrug resistant bacteria-“A Battle of the Titans”. Front. Microbiol. 9:1441. doi: 10.3389/fmicb.2018.01441

Costerton, J. W., Montanaro, L., and Arciola, C. R. (2005). Biofilm in implant infections: its production and regulation. Int. J. Artificial Organs 28, 1062–1068. doi: 10.1177/039139880502801103

Costerton, J. W., Stewart, P. S., and Greenberg, E. P. (1999). Bacterial biofilms: a common cause of persistent infection. Science 284, 1318–1322. doi: 10.1126/science.284.5418.1318

Dar, N. J., Hamid, A., and Ahmad, M. (2015). Pharmacologic overview of Withania somnifera, the Indian Ginseng. Cell. Mol. Life Sci. 72, 4445–4460. doi: 10.1007/s00018-015-2012-1

Das, D., Mishra, H. K., Parida, K. M., and Dalai, A. K. (2002). Preparation, physico-chemical characterization and catalytic activity of sulphated ZrO2-TiO2 mixed oxides. J. Mol. Catal. A Chem. 189, 271–282. doi: 10.1016/S1381-1169(02)00363-1

Eisa, W. H., Zayed, M. F., Anis, B., Abbas, L. M., Ali, S. S. M., and Mostafa, A. M. (2019). Clean production of powdery silver nanoparticles using Zingiber officinale: the structural and catalytic properties. J. Clean. Prod. 241:118398. doi: 10.1016/j.jclepro.2019.118398

Farshori, N. N., Al-Sheddi, E. S., Al-Oqail, M. M., Musarrat, J., Al-Khedhairy, A. A., and Siddiqui, M. A. (2014). Cytotoxicity assessments of Portulaca oleracea and Petroselinum sativum seed extracts on human hepatocellular carcinoma cells (HepG2). Asian Pacific J. Cancer Prev. 15, 6633–6638. doi: 10.7314/APJCP.2014.15.16.6633

Flemming, H. C., Neu, T. R., and Wozniak, D. J. (2007). The EPS matrix: the “House of Biofilm Cells.”. J. Bacteriol. 189, 7945–7947. doi: 10.1128/JB.00858-07

Galié, S., García-Gutiérrez, C., Miguélez, E. M., Villar, C. J., and Lombó, F. (2018). Biofilms in the food industry: health aspects and control methods. Front. Microbiol. 9:898. doi: 10.3389/fmicb.2018.00898

Gao, Z., Guo, B., Gao, R., Zhu, Q., and Qin, H. (2015). Microbiota disbiosis is associated with colorectal cancer. Front. Microbiol. 6:20. doi: 10.3389/fmicb.2015.00020

Hasan, I., Qais, F. A., Husain, F. M., Khan, R. A., Alsalme, A., Alenazi, B., et al. (2019). Eco-friendly green synthesis of dextrin based poly (methyl methacrylate) grafted silver nanocomposites and their antibacterial and antibiofilm efficacy against multi-drug resistance pathogens. J. Clean. Prod. 230, 1148–1155. doi: 10.1016/j.jclepro.2019.05.157

Jayaseelan, C., Rahuman, A. A., Roopan, S. M., Kirthi, A. V., Venkatesan, J., Kim, S.-K., et al. (2013). Biological approach to synthesize TiO2 nanoparticles using Aeromonas hydrophila and its antibacterial activity. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 107, 82–89. doi: 10.1016/j.saa.2012.12.083

Jin, C.-Y., Zhu, B.-S., Wang, X.-F., and Lu, Q.-H. (2008). Cytotoxicity of titanium dioxide nanoparticles in mouse fibroblast cells. Chem. Res. Toxicol. 21, 1871–1877. doi: 10.1021/tx800179f

Johnson, C. H., Dejea, C. M., Edler, D., Hoang, L. T., Santidrian, A. F., Felding, B. H., et al. (2015). Metabolism links bacterial biofilms and colon carcinogenesis. Cell Metab. 21, 891–897. doi: 10.1016/j.cmet.2015.04.011

Johnson, L. R. (2008). Microcolony and biofilm formation as a survival strategy for bacteria. J. Theor. Biol. 251, 24–34. doi: 10.1016/j.jtbi.2007.10.039

Kang, K. S., Chen, Y., Yoo, K. H., Jyoti, N., and Kim, J. (2009). Cause of slow phase transformation of TiO2 nanorods. J. Phys. Chem. C 113, 19753–19755. doi: 10.1021/jp9086442

Kashale, A. A., Gattu, K. P., Ghule, K., Ingole, V. H., Dhanayat, S., Sharma, R., et al. (2016). Biomediated green synthesis of TiO2 nanoparticles for lithium ion battery application. Compos. Part B Eng. 99, 297–304. doi: 10.1016/j.compositesb.2016.06.015

Khan, S. T., Ahmad, J., Ahamed, M., Musarrat, J., and Al-Khedhairy, A. A. (2016). Zinc oxide and titanium dioxide nanoparticles induce oxidative stress, inhibit growth, and attenuate biofilm formation activity of Streptococcus mitis. J. Biol. Inorg. Chem. 21, 295–303. doi: 10.1007/s00775-016-1339-x

Khater, M. S., Kulkarni, G. R., Khater, S. S., Gholap, H., and Patil, R. (2020). Study to elucidate effect of titanium dioxide nanoparticles on bacterial membrane potential and membrane permeability. Mater. Res. Express 7:035005. doi: 10.1088/2053-1591/ab731a

Kirthi, A. V., Rahuman, A. A., Rajakumar, G., Marimuthu, S., Santhoshkumar, T., Jayaseelan, C., et al. (2011). Biosynthesis of titanium dioxide nanoparticles using bacterium Bacillus subtilis. Mater. Lett. 65, 2745–2747. doi: 10.1016/j.matlet.2011.05.077

Kulshrestha, S., Qayyum, S., and Khan, A. U. (2017). Antibiofilm efficacy of green synthesized graphene oxide-silver nanocomposite using Lagerstroemia speciosa floral extract: a comparative study on inhibition of gram-positive and gram-negative biofilms. Microb. Pathog. 103, 167–177. doi: 10.1016/j.micpath.2016.12.022

Li, Z., Hou, B., Xu, Y., Wu, D., Sun, Y., Hu, W., et al. (2005). Comparative study of sol-gel-hydrothermal and sol-gel synthesis of titania-silica composite nanoparticles. J. Solid State Chem. 178, 1395–1405. doi: 10.1016/j.jssc.2004.12.034

Madadi, Z., and Lotfabad, T. B. (2016). Aqueous extract of Acanthophyllum Laxiusculum roots as a renewable resource for green synthesis of nano-sized titanium dioxide using the sol-gel method P A P E R I N F O. Adv. Ceram. Prog. 2, 26–31.

Marchiol, L., Mattiello, A., Pošæiæ, F., Giordano, C., and Musetti, R. (2014). In vivo synthesis of nanomaterials in plants: location of silver nanoparticles and plant metabolism. Nanoscale Res. Lett. 9:101. doi: 10.1186/1556-276X-9-101

Marimuthu, S., Rahuman, A. A., Jayaseelan, C., Kirthi, A. V., Santhoshkumar, T., Velayutham, K., et al. (2013). Acaricidal activity of synthesized titanium dioxide nanoparticles using Calotropis gigantea against Rhipicephalus microplus and Haemaphysalis bispinosa. Asian Pac. J. Trop. Med. 6, 682–688. doi: 10.1016/S1995-7645(13)60118-2

Mirzaei, R., Mirzaei, H., Alikhani, M. Y., Sholeh, M., Arabestani, M. R., Saidijam, M., et al. (2020). Bacterial biofilm in colorectal cancer: what is the real mechanism of action? Microb. Pathog. 142:104052. doi: 10.1016/j.micpath.2020.104052

Murugan, K., Dinesh, D., Kavithaa, K., Paulpandi, M., Ponraj, T., Alsalhi, M. S., et al. (2016). Hydrothermal synthesis of titanium dioxide nanoparticles: mosquitocidal potential and anticancer activity on human breast cancer cells (MCF-7). Parasitol. Res. 115, 1085–1096. doi: 10.1007/s00436-015-4838-8

Nadeem, M., Tungmunnithum, D., Hano, C., Abbasi, B. H., Hashmi, S. S., Ahmad, W., et al. (2018). The current trends in the green syntheses of titanium oxide nanoparticles and their applications. Green Chem. Lett. Rev. 11, 492–502. doi: 10.1080/17518253.2018.1538118430

Niraimathi, K. L., Sudha, V., Lavanya, R., and Brindha, P. (2013). Biosynthesis of silver nanoparticles using Alternanthera sessilis (Linn.) extract and their antimicrobial, antioxidant activities. Colloids Surfaces B Biointerfaces 102, 288–291. doi: 10.1016/j.colsurfb.2012.08.041

Oves, M., Rauf, M. A., Hussain, A., Qari, H. A., Khan, A. A. P., Muhammad, P., et al. (2019). Antibacterial silver nanomaterial synthesis from mesoflavibacter zeaxanthinifaciens and targeting biofilm formation. Front. Pharmacol. 10:801. doi: 10.3389/fphar.2019.00801

Patra, J. K., and Baek, K. H. (2015). Novel green synthesis of gold nanoparticles using Citrullus lanatus rind and investigation of proteasome inhibitory activity, antibacterial, and antioxidant potential. Int. J. Nanomedicine 10, 7253–7264. doi: 10.2147/IJN.S95483

Qais, F. A., Samreen, Ahmad, I., Abul Qais, F., Samreen, and Ahmad, I. (2018). Broad-spectrum inhibitory effect of green synthesised silver nanoparticles from Withania somnifera (L.) on microbial growth, biofilm and respiration: a putative mechanistic approach. IET Nanobiotechnol. 12, 325–335. doi: 10.1016/j.actbio.2005.02.008

Qais, F. A., Shafiq, A., Khan, H. M., Husain, F. M., Khan, R. A., Alenazi, B., et al. (2019). Antibacterial effect of silver nanoparticles synthesized using Murraya koenigii (L.) against multidrug-resistant pathogens. Bioinorg. Chem. Appl. 2019:11. doi: 10.1155/2019/4649506

Qayyum, S., Oves, M., and Khan, A. U. (2017). Obliteration of bacterial growth and biofilm through ROS generation by facilely synthesized green silver nanoparticles. PLoS One 12:e0181363. doi: 10.1371/journal.pone.0181363

Rajakumar, G., Rahuman, A. A., Roopan, S. M., Chung, I.-M., Anbarasan, K., and Karthikeyan, V. (2015). Efficacy of larvicidal activity of green synthesized titanium dioxide nanoparticles using Mangifera indica extract against blood-feeding parasites. Parasitol. Res. 114, 571–581. doi: 10.1007/s00436-014-4219-8

Rajkumari, J., Magdalane, C. M., Siddhardha, B., Madhavan, J., Ramalingam, G., Al-Dhabi, N. A., et al. (2019). Synthesis of titanium oxide nanoparticles using Aloe barbadensis mill and evaluation of its antibiofilm potential against Pseudomonas aeruginosa PAO1. J. Photochem. Photobiol. B Biol. 201:111667. doi: 10.1016/j.jphotobiol.2019.111667

Ravichandran, V., Vasanthi, S., Shalini, S., Ali Shah, S. A., and Harish, R. (2016). Green synthesis of silver nanoparticles using Atrocarpus altilis leaf extract and the study of their antimicrobial and antioxidant activity. Mater. Lett. 180, 264–267. doi: 10.1016/j.matlet.2016.05.172

Rizwana, H. (2012). Antibacterial potential of Withania somnifera L. against human pathogenic bacteria. African J. Microbiol. Res. 6, 4810–4815. doi: 10.5897/ajmr12.660

Rizzato, C., Torres, J., Kasamatsu, E., Camorlinga-Ponce, M., Bravo, M. M., Canzian, F., et al. (2019). Potential role of biofilm formation in the development of digestive tract cancer with special reference to helicobacter pylori infection. Front. Microbiol. 10:846. doi: 10.3389/fmicb.2019.00846

Roopan, S. M., Bharathi, A., Prabhakarn, A., Abdul Rahuman, A., Velayutham, K., Rajakumar, G., et al. (2012). Efficient phyto-synthesis and structural characterization of rutile TiO2 nanoparticles using Annona squamosa peel extract. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 98, 86–90. doi: 10.1016/j.saa.2012.08.055

Sankar, R., Dhivya, R., Shivashangari, K. S., and Ravikumar, V. (2014). Wound healing activity of Origanum vulgare engineered titanium dioxide nanoparticles in Wistar Albino rats. J. Mater. Sci. Mater. Med. 25, 1701–1708. doi: 10.1007/s10856-014-5193-5

Sha, B., Gao, W., Wang, S., Xu, F., and Lu, T. (2011). Cytotoxicity of titanium dioxide nanoparticles differs in four liver cells from human and rat. Compos. Part B Eng. 42, 2136–2144. doi: 10.1016/j.compositesb.2011.05.009

Siddiqi, K. S., Husen, A., and Rao, R. A. K. (2018). A review on biosynthesis of silver nanoparticles and their biocidal properties. J. Nanobiotechnol. 16:14. doi: 10.1186/s12951-018-0334-5

Sunkar, S., Nachiyar, C. V., Lerensha, R., and Renugadevi, K. (2014). Biogenesis of TiO2 nanoparticles using endophytic Bacillus cereus. J. Nanoparticle Res. 16, 1–11. doi: 10.1007/s11051-014-2681-y

Velayutham, K., Rahuman, A. A., Rajakumar, G., Santhoshkumar, T., Marimuthu, S., Jayaseelan, C., et al. (2012). Evaluation of Catharanthus roseus leaf extract-mediated biosynthesis of titanium dioxide nanoparticles against Hippobosca maculata and Bovicola ovis. Parasitol. Res. 111, 2329–2337. doi: 10.1007/s00436-011-2676-x

Yan, X., He, J., Evans, D. G., Zhu, Y., and Duan, X. (2004). Preparation, characterization and photocatalytic activity of TiO 2 formed from a mesoporous precursor. J. Porous Mater. 11, 131–139. doi: 10.1023/B:JOPO.0000038008.86521.9a

Yodyingyong, S., Sae-Kung, C., Panijpan, B., Triampo, W., and Triampo, D. (2011). Physicochemical properties of nanoparticles titania from alcohol burner calcination. Bull. Chem. Soc. Ethiop. 25, 263–272. doi: 10.4314/bcse.v25i2.65901

Yu, J., Xiang, Q., Ran, J., and Mann, S. (2010). One-step hydrothermal fabrication and photocatalytic activity of surface-fluorinated TiO2 hollow microspheres and tabular anatase single micro-crystals with high-energy facets. CrystEngComm 12, 872–879. doi: 10.1039/b914385h

Zhang, D. H., Wang, Q. P., and Xue, Z. Y. (2003). Photoluminescence of ZnO films excited with light of different wavelength. Appl. Surf. Sci. 207, 20–25. doi: 10.1016/S0169-4332(02)01225-4

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Al-Shabib, Husain, Qais, Ahmad, Khan, Alyousef, Arshad, Noor, Khan, Alam, Albalawi and Shahzad. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-11-01680-g003.jpg
Concentration of WS-TONPs (ng/ml)

Q‘\e" ,t.*
. & &

W .
« ®

Pathogens

OD at 585 nm

) v

1.04
0.84
0.6
0.4

024

0.0

R Untreated biofim
[ Treated (1/2x MIC)

EC PA it} SM MRSA
Pathogens






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Phyto-Mediated Synthesis of Porous Titanium Dioxide Nanoparticles From Withania somnifera Root Extract: Broad-Spectrum Attenuation of Biofilm and Cytotoxic Properties Against HepG2 Cell Lines



		INTRODUCTION



		MATERIALS AND METHODS



		Collection of Plant Sample and Preparation of Aqueous Extract



		Synthesis of Porous TiO2 Nanoparticles (TiO2 NPs)



		Characterization



		Microbial Strains and Growth Conditions



		Determination of Minimum Inhibitory Concentration and Minimum Bactericidal Concentration



		Biofilm Inhibition Assay



		Microscopic Analysis of Biofilm Inhibition



		Quantification of EPSs



		Protein Leakage Assay







		DISRUPTION OF MATURE BIOFILMS



		Effect on ROS Production



		Cytotoxicity Assessment of TiO2 NPs



		MTT Assay



		NRU Assay



		Statistical Analysis







		RESULTS AND DISCUSSION



		Synthesis and Characterization of TiO2 NPs



		Antibiofilm Activity of TiO2 NPs



		Inhibition of Mature Preformed Biofilms



		Mechanism of Biofilm Inhibition



		Protein Leakage Assay



		ROS Generation Studies







		Cytotoxicity Studies



		MTT and NRU Assay











		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmicb-11-01680-g002.jpg
Adsorbed amount (cm®/g)

»
o

w
o

N
o

-
o

o

J aanou
'2 00810 (a) '
% 0.0008 I
15 oo
2 qoone l
o
é 00002
i 10 20 30 & % @ 70 0 9 z;
Averago Radius (A)
| 4
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/Pn)

Intensity (Percent)

40
- 3500009 ,..
(i) (ii
a 300000
304 - )
g 250000
]
20 8 200000
% 150000
104 F 100000
50000
e T T T o
100 200 300 400 500 -60

Particle size (nm)

45 30 A5 0 15
Zeta Potential (mV)

2 3

Scale 20654 cts Qursoe 0.000






OPS/images/fmicb-11-01680-g005.jpg
b

Percent reduction in EPS (%)

100 B 14
axx I Untreated
o i [0 WS-TONPs treated
*Ak b
80
ke
1.0 4
o
£
60 1 - 08-
©
o]
®
a 081 “
40 4 o
04 - . .
20 02 |
00 ¢ . r r

EC PA LM SM MRSA CA

Pathogens

EC

PA

M SM MRSA
Pathogens

CA






OPS/images/fmicb-11-01680-g004.jpg
P. aeruginosa S. marcescens L. monocytogenes C. albicans






OPS/images/fmicb-11-01680-g001.jpg
%T

Wavenumber (cm™)

S T
(A)[ . Bulk TiO2 kB) 25.640: 772
04 | ° Tio2-NPs
g 3
03 | =
3 2
§ 02 g #.360: 312
4.200: 189
< Q 55.380: 183
53 L £ 38.140: 155 SO,
0
200 300 400 500 600 700 T v T v T T
10 20 30 40 50 60 70 80
Wavelength (nm) 2Theta (deg)
( (D,o“'-r-\ ——TGA }-0.00005
2919 BER2 " Sy ——DTG }-0.00006
g 994 . L.0.00007
1634 n .9‘. e, +-0.00008
0 . -
3429 O 984 . ’!._\- +-0.00009
[7)] - P _aman L
a . P
S 97+ : & e +-0.00011
u = "+.}.0.00012
%350 961 "t -0.00013
4000 3000 2000 1000 SR TR T

Temperature (°C)

DTG





OPS/images/cover.jpg
a' frontiers
in Microbiology








OPS/images/fmicb-11-01680-g007.jpg
Cell viability (%)

IC5o=83.3 pg/mL ICo=37.3 pg/mlL

Cell viability (%)

40 4 e

Contol 25 50 100 200 Control 25 50 100 200
Concentration (pg/ml) Concentration (ug/mi)







OPS/images/fmicb-11-01680-g006.jpg
b=

Concentration of Protein (ng/ml)

N
o

[
o

-
o

-
o

(3

160

- 0 h
= 4h
T T
EC PA LM SM MRSA CA

Pathogens

w

Percent induction (% of control)

I Untreated
% [0 WS-TONPs treated
140 * x
T 2 .
120 4 -+ h
100 A
80 1
60 4
40 A
20 A
0 T T T T T T
EC PA LM SM MRSA CA
Pathogens







OPS/images/logo.jpg
, frontiers
in Microbiology





