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Abstract

:

Herein, a new and simple biogenic method for the preparation of gold nanoparticles (AuNPs) and their reduced graphene oxide based nanocomposites (Au-RGO) by using microwave irradiation method for antimicrobial and biofilm inhibition against foodborne pathogenic bacteria was reported. X-ray diffraction (XRD), Raman, and transmission electron microscopy (TEM) analyses confirmed that the AuNPs with face centered cubic (FCC) structure were indeed anchored onto the RGO sheets. Ultraviolet-Vis (UV-VIS) spectrum showed a shifting and broadening of absorption peaks of AuNPs when attached on the surface of RGO sheets. The effect of sub-inhibitory concentrations of Au-RGO nanocomposites on biofilm formation in five foodborne pathogens was assessed. Au-RGO nanocomposites reduced the formation of biofilm by 75%, 78%, 68%, 80% and 79% in L. monocytogenes, MRSA, E. coli, S. marcescens and P. aeruginosa, respectively. Exopolysaccharides (EPS), a vital component of the biofilm was also inhibited significantly and pre-formed mature biofilms were also reduced considerably. Further, this study demonstrated that the reactive oxygen species (ROS) generation induced in bacterial cells as a result of Au-RGO treatment could be the plausible mechanism for biofilm inhibitory action. The tested concentrations were found non-toxic to human embryonic kidney cell lines (HEK-293). The investigation highlights the broad-spectrum biofilm inhibitory properties of Au-RGO nanocomposites that could be exploited in the food industry to prevent biofilm-based food contamination.
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1. Introduction


Foodborne pathogens have become one of the major causes of illness, hospitalization, and mortality across the globe [1]. Transfer of bacteria from contaminated food contact surface to the food products is responsible for the disease outbreaks [1]. One of the major factor accountable for the cross-contamination in the food industry is the formation of biofilms [2]. Biofilms are complex structures comprising of one or more species embedded in an extracellular envelope made up of polysaccharides, protein or exogenous DNA [3]. Biofilm formation occurs by the irreversible attachment of the matrix on food industry equipment’s (conveyer belts, tanks and knives), transport materials, storage surfaces and on biological materials like fruits, vegetables, meat and bones etc. This formation of biofilm in the food industry environments confers the microbes resistance against desiccation, mechanical resistance and protection from disinfectant, antimicrobials and chemicals used in the food industry [4]. Most importantly, the biofilm forming food-associated microbes are also human pathogens and account for food-borne diseases via intoxications or infections putting human health at risk [3]. Currently, conventional disinfectant such as sodium hypochlorite is used to mitigate the effect of biofilm contamination but these chemicals also have limited efficacy for inhibition and removal of resistant biofilms [5]. Thus, there is an unfulfilled requirement to develop agents that not only prevent biofilm formation but also eradicate pre-formed biofilms of antimicrobial resistant pathogenic bacteria.



Among diverse strategies developed to combat the threat of drug-resistant calcitrant biofilm, significant research has focused on the use of nanoparticles as novel antimicrobials [6]. Several metallic nanoparticles of silver and gold, metal oxide nanoparticles such as zinc oxide, iron oxide, tin oxide, titanium oxide, and carbon nanotubes have been reported to possess antimicrobial properties [6,7]. In addition to these, copper, copper oxide and silver oxide have attracted great attention due to their excellent antibacterial properties [8,9,10]. This can be attributed to the small sizes and large surface to volume ratio of the nanomaterials allowing enhanced interaction with the microbes resulting in elevated antimicrobial efficacies [11].



Recently, nanocomposites with antimicrobial properties have also gained enormous attention of the scientific community. In this regard, reduced graphene based nanocomposites have emerged as excellent material with microbicidal action as it possess high specific surface area, exceptional mechanical and electrical properties, non-toxicity, chemical stability and are ideal candidates for tethering metallic nanoparticles [12,13]. Most of the studies were focused on the Ag and RGO based nanocomposites of as exceptional antibacterial and antibiofilm agents with negligible tendency to induce resistance [11,14,15,16]. However, gold nanoparticles (AuNPs) are also known to inhibit the growth of bacteria through various mechanisms and few studies have explored gold nanoparticle decorated RGO (Au-RGO) nanocomposites as antibacterial agents [17,18] but very limited information is available on the biofilm inhibitory action of these nanocomposites.



Various methods for the preparation of AuNPs and their graphene based nanocomposites have been reported earlier [19,20,21,22]. Currently, the focus of the scientific community is to develop antimicrobial nanomaterials through green chemistry approaches, utilizing materials of biological origin and processes that are cost-effective, less time consuming and eco-friendly [23]. Therefore, in the present investigation we have utilized citric acid from lemon extract to fabricate Au-RGO nanocomposites and assessed its antibacterial potential against both Gram-positive and Gram-negative food-associated bacteria. Further, sub-inhibitory concentrations of Au-RGO were used to determine the inhibition of biofilm formation and removal of pre-formed biofilms in test pathogens.




2. Results and Discussion


2.1. Structural Properties: XRD


Crystal structure phase determinations of the prepared nanomaterials were studied by using XRD. Figure 1 shows the XRD pattern of AuNPs and Au-RGO nanocomposites which exhibiting the diffraction peaks of both RGO and AuNPs. The peaks positioned at 38.18°, 44.46°, and 64.68° can be indexed to the (111), (200), and (220) reflections of FCC (face centered cubic) structure of metallic gold, respectively [24], while, the peak at 25.04° corresponds to (002) reflection of RGO structure. Additionally, the peak conforming at the (111) is more intense than the other planes suggesting that they are the predominant orientation and the synthesized AuNPs are crystalline in nature. No other phase was detected within the detection limit of XRD. The mean crystalline size of AuNPs was found to be ~8 nm obtained by Debye–Scherrer’s formula [25,26] with (111) plane.




2.2. Optical Properties: UV-VIS


Figure S1 shows the UV-VIS absorption spectra of AuNPs and Au-RGO nanocomposites. It is clear from Figure S1 that a broad peak of surface plasmon resonance at ~520 nm appears which confirms the presence of gold nanoparticles. The broadness of the peak is an accurate indicator of nanoparticle size. As the particle size increases, the peak becomes narrower with a decreased bandwidth and increased band intensity [27]. In the spectrum of Au-RGO nanocomposites, the peak at ~273 nm correspond to the absorption peak of RGO, while the peak related to AuNPs was found to be shifted toward higher wavelength, indicating the slight increase in the size of AuNPs.




2.3. Morphological Studies: TEM


Morphological features of AuNPs and Au-RGO were studied using TEM micrographs as shown in Figure 2. The TEM image of the synthesized AuNPs is shown in Figure 2a. TEM image exhibits stable, well-dispersed, spherical particles for AuNPs prepared at 40 s irradiation time with cetyltrimethylammonium bromide (CTAB) as binding agent. Interestingly, TEM measurements proved that the obtained AuNPs consists of two populations of nanoparticles: larger particles and smaller particles. For the calculation of particle size, approximately 50 individual nanoparticles were selected randomly from TEM micrographs and found that the larger particles with size range of 8–12 nm in diameter, and small nanoparticles with size range of 2–5 nm (Figure 2a). Structural information of nanomaterials was further analyzed by using high resolution transmission electron microscopy (HRTEM). Inset of Figure 2a shows the HRTEM image of single AuNPs, where clear lattice fringes could be easily seen. The distance between two adjacent planes was found to be 0.237 nm, which is associated with (111) plane of Au structure. Figure 2b depicts the TEM image of Au-RGO nanocomposites prepared with microwave irradiation for 40 s. It can be clearly seen from Figure 2b that AuNPs are attached onto the surface of RGO sheets. The distribution of AuNPs on RGO is uniform without agglomeration, and the particles are distributed all over the surface of RGO sheets.




2.4. Raman Spectroscopy


Raman spectroscopy was used for the structural studies of the nanostructures. Figure 3 shows the Raman spectrum of Au-RGO nanocomposites. In the Raman spectrum, two characteristics bands of carbon materials (RGO) were observed; where D band is positioned at 1349 cm−1, and G band at 1601 cm−1, respectively. Raman spectrum can provide adequate information related to the structure of graphene and graphene based materials. It is well known that G band is a result of sp2 bonded carbons present in graphene. The D band is a measurement of “defects” or disruption of sp2 bonds of the carbon and sp3 formation [28]. It is clear from Figure 3 that these defects are observed in the Raman spectrum of Au-RGO nanocomposites, which indicated that in the nanocomposites, GO was successfully reduced.




2.5. Antibacterial Activity: Determination of Minimum Inhibitory Concentration (MICs)


Antibacterial potential of Au-RGO was studied against both Gram-positive and Gram-negative food-borne bacterial pathogens. MIC values of Au-RGO against L. monocytogenes, MRSA, E. coli, S. marcescens and P. aeruginosa was recorded to be 32, 64, 16, 8, and 16 µg/mL, respectively (Table 1). Enhanced antibacterial potential of the graphene nanocomposites is attributed to their ability to bind to non-specifically with the bacteria [29]. These nanocomposites tend to induce sugar and protein leakage from cell membrane leading to bacterial cell disruption [18]. Moreover, AuNPs are known for their antibacterial potential through various mechanisms. It has been reported that AuNPs adhere to the bacterial membrane via electrostatic interactions and disintegrate the cells [30]. AuNPs interfere with translation process in the cells by inhibiting the binding of tRNA with ribosomal subunit, reducing ATP levels in the cells [30]. Further, they also hamper the transcription process by penetrating the cells, causing leakage of cellular content and bind with the DNA. One more mechanism through which these nanoparticles induce cell death is the enhanced intracellular ROS production [31]. We also observed slightly higher MICs for Au-RGO against the Gram-positive bacteria (L. monocytogenes and MRSA) as compared to the Gram-negative bacteria which are possibly due to variations in structure and chemical composition of the cell wall. The presence of multilayered peptidoglycan in the cell wall of Gram positive bacteria might provide better resistance against Au-RGO [32,33].




2.6. Effect of Sub-MICs on the Growth of Test Bacteria


Growth kinetic studies were performed in the presence and absence of sub-MICs (0.25×MIC and 0.5×MIC) of Au-RGO nanocomposites as depicted in Figure S2. Insignificant variation in the growth pattern of all test pathogens was observed upon treatment with sub-inhibitory concentrations of the nanocomposites. Thus, it is concluded that the synthesized Au-RGO nanocomposites do not affect the growth of L. monocytogenes, MRSA, E. coli, S. marcescens and P. aeruginosa at tested sub-MICs.




2.7. Inhibition of Biofilm Formation


It is very well documented that biofilm formation can substantially enhance the resistance of bacterial cell against antimicrobials resulting in enhanced persistence of the bacteria in the biofilm matrix.These biofilms are one of the leading causes of cross-contamination of food and food associated materials upon contact with contaminated surfaces [34]. Therefore, we examined the effect of synthesized Au-RGO nanocomposites against five types of biofilm forming food-associated bacterial pathogens. Biofilm formation in all test pathogens was reduced considerably upon treatment with sub-inhibitory concentrations. In the presence of 0.5×MICs of Au-RGO, a decrease of 75%, 78%, 68%, 80% and 79% in the biofilm forming capabilities of L. monocytogenes, MRSA, E. coli, S. marcescens and P. aeruginosa, respectively was observed. Similarly, 0.25×MICs also impeded the biofilm significantly (35%–60%) in all the pathogens as compared to the untreated controls (Figure 4). The results demonstrate that the RGO might be operating as a nano-interface facilitating the interaction of bacteria with AuNPs leading to significant inhibition of biofilm [32,33]. Our results are in agreement with those reported with nanocomposites of graphene oxide and Ag. Statistically significant reduction of biofilm growth in S. mutans and E. cloacae was reported in the presence of RGO-Ag nanocomposites [33].




2.8. Microscopic Analysis


Scanning electron microscopic (SEM) analysis of Au-RGO nanocomposites treated and untreated biofilm of test pathogen is depicted in Figure 5. Images of the untreated (control) bacteria show a dense aggregation of cells. The lower panel very clearly displays significantly disturbed biofilm architecture, decreased microcolonies and reduced cell aggregation in all the Au-RGO treated test pathogens. Similar disturbed biofilm architecture and reduced microcolonies in Au-RGO treated cultures was observed with light microscope (Figure S3). SEM images confirm the findings of microtiter plate-based biofilm inhibition assay.




2.9. Effect on the EPS Production


EPS plays a crucial role in the adherence of the bacteria and helps in the maintenance of 3D biofilm structure. Further, it facilitates immune invasion and confers resistance towards antimicrobial agents [35,36]. EPS was extracted and quantified in the presence and absence of sub-MICs of Au-RGO. Synthesized nanocomposites interfered with the EPS production and significant reduction in EPS level ranged 31%–63%, 29%–56%, 54%–72%, 37%–69%, and 43%–81% in L. monocytogenes, MRSA, E. coli, S. marcescens and P. aeruginosa, respectively, in comparison to untreated control (Figure 6). The synthesized nanocomposites clearly impair the EPS production, an essential component of biofilm architecture. This finding is consistent with a previous study conducted with RGO-ZnO nanocomposites that demonstrated impaired EPS production in E. coli, S. marcescens and B. subtilis [37].




2.10. Disruption of Pre-Formed Biofilms


Bacterial cells inhabiting biofilm are known to be many folds resistant to antimicrobial agents in comparison to their planktonic counterparts. Thus, the removal of pre-formed biofilms becomes very challenging [38]. Hence, the effect of Au-RGO was assessed on the pre-formed mature biofilms of all test pathogens. Sub-inhibitory concentrations (0.25×MIC and 0.5×MIC) tested demonstrated statistically significant (p ≤ 0.05) obliteration of the pre-formed biofilms (Figure 7). At 0.25×MICs Au-RGO reduced pre-formed biofilm by 18%–31% while, at 0.5×MICs, 54%–63% disruption was observed. Concentration dependent effect was recorded and 0.5×MICs were found to be more effective in disrupting mature biofilms. This might probably be the first report demonstrating the destruction of persistent pre-formed biofilms by synthesized nanocomposites of Au-RGO.




2.11. Mode of Biofilm Inhibition by Au-RGO


Growth kinetics studies clearly showed that the tested sub-MICs of Au-RGO did not affect the growth pattern of the test pathogen significantly (Figure S2) and thus, it is envisaged that the reduction in biofilm is not due to the reduced viability of the pathogens.



Further, we evaluated the efficacy of the synthesized nanocomposite in inducing intracellular ROS production in the bacterial cells. Significantly higher levels of ROS were observed upon treatment with sub-MICs of Au-RGO in all test pathogens (Figure 8). An upsurge of 54% was recorded in the intracellular ROS levels in S. marcescens followed by E. coli (46%), P. aeruginosa (43%), MRSA (32%) and L. monocytogenes (27%) in the presence of 0.5×MICs of Au-RGO. Enhanced generation of ROS is one of the chief mechanisms through which gold nanoparticles interfere with the normal functioning of the bacterial cells [31]. Plausibly, interaction of Au-RGO and bacteria induces metabolic imbalance in the bacterial cells that results in enhanced ROS production. The elevated intracellular ROS levels overpower the internal antioxidant system, leading to formation of free radicals causing oxidative stress which eventually accounts for the cell death.




2.12. Cytotoxicity on HEK-293 Cell Line


Cytotoxicity of green synthesized Au-RGO nanocomposites was examined using HEK-293 cell lines. Synthesized nanocomposites did not cause any significant reduction in the viability of the HEK-293 cells at concentrations ranging from 25–400 µg/mL (Figure S4). Significantly decreased viability was observed at concentrations 800–3200 µg/mL but these concentrations are much higher than the one used in the present investigation advocating that the Au-RGO nanocomposites are non-toxic to these normal human cell lines at the sub-MICs used.





3. Material and Methods


3.1. Preparation of Gold Nanoparticles (AuNPs)


For the preparation of gold nanoparticles, an aqueous solution containing 15 mL of 10 mM HAuCl4 3H2O (chloauric acid; Sigma Aldrich, St. Louis, MO, USA), 0.3 g of citric acid (Sigma Aldrich), and 0.2 g of Cetyl Trimethyl Ammonium bromide (CTAB; Sigma Aldrich, St. Louis, MO, USA) were mixed under continuous stirring. This solution was stirred for 15 s and then transferred to a microwave oven (SAMSUNG, Seoul, Korea, 750 W) for the heating at a power of 100 W for 40 s. After the reaction, the color of the solution was immediately changed (light yellow to shining orange), indicated the successful formation of gold nanoparticles. The as obtained product was used for the characterization.




3.2. Preparation of Graphene Oxide (GO)


Using the Hummers and Offeman method [39], the graphite (Merck, Darmstadt, Germany) was oxidized to synthesize GO. At first, 3.5 g of graphite was added to 100 mL of 98% H2SO4 (Merck) with vigorous stirring. While maintaining a temperature below 20 °C, 10 g of KMNO4 (Merck) was added. After stirring for 2 h at 35 °C, the mixture was transferred to 500 mL of deionized water, and 20 mL of 30% H2SO4 was added to remove excess permanganate. Upon treatment with the peroxide, the suspension turned bright yellow. GO was then purified by filtration via a sintered glass filter. HCl was used to wash the filtrate, which was then washed with hot water to remove the residual sulfate ions yielding a yellowish-brown filter cake. Finally, the resultant GO was dried at 80 °C after repeated washings with hot water.




3.3. Preparation of Reduced Graphene Oxide (RGO)


For the typical synthesis of RGO, 400 mg of GO were suspended in 20 mL of deionized water and sonicated to produce a yellow homogeneous dispersion. 400 µL of hydrazine hydrate (HH; reducing agent; Merck) was added to the mixture, and microwaved (SAMSUNG, 750 W) at 100% power for 30 s cycles (on for 10 s, and stirring for 20 s) for 2 min. This resulted to a gradual change in color of the GO solution from yellow to black, indicating the completion of the chemical reduction of GO. The GO sheets were then collected by centrifugation) (5000 rpm for 15 min) and left to dry at 80 °C overnight.




3.4. Preparation of Au/RGO Nanocomposites


To prepare Au-RGO nanocomposites with 30 wt.% of AuNPs in RGO, a solution of desired HAuCl4 3H2O in RGO was mixed in which 0.30 g of citric acid and 0.20 g of CTAB were added to this solution in a beaker. The solution was stirred for 15 s, and then microwave reaction was carried out for 40 s in a domestic microwave oven (SAMSUNG; 750 W) with 100% power.After the reaction, the product was centrifuged and collected. A schematic representation of the preparation method of AuNPs and Au-RGO nanocomposites is shown in Figure 9.




3.5. Characterizations


The X-ray diffraction (Phillips X’pert; MPD 3040, EA Almelo, The Netherlands) of the material was investigated with Cu radiation (30 kV, 40 mA, Kα radiation (1.54430 A°)). The Raman spectra were measured using a spectrometer (NRS-3100, JASCO, MD, USA) with a wavelength of 532 nm. The morphology and size of the synthesized product were measured by Transmission electron microscopy (TEM) was performed using a JEOL JSM-2100F (JEOL, Corporation Place, Singapore) operated at 200 kV. A drop of the specimen dispersed in ethanol was placed on copper grids and dried for the studies. The average particle size and the size distribution were determined using ‘Image J’ software. Room temperature optical absorption spectra were recorded in the range of 200–800 nm using a UV-VIS spectrophotometer (Agilent-8453, Agilent, CA, USA)) with a quartz cell. Colloidal gold nanoparticles and nanocomposites were added to 5 mL distilled water in a quartz cell. The blank was filled with distilled water solution.




3.6. Strains and Culture Condition


Five food associated bacteria namely, Listeria monocytogenes ATCC 19114, Methicillin resistant Staphylococcus aureus (MRSA) ATCC 43300, E. coli ATCC 35218 (β-lactamase producer), Serratia marcescens ATCC 13880 and Pseudomonas aeruginosa PAO1 were used to evaluate the biofilm inhibitory property of the synthesized nanocomposites. Stock cultures of all the test bacteria were maintained on Nutrient agar under refrigeration and sub-cultured in Tryptic soy broth (TSB) for 24 h.




3.7. Antibacterial Activity


Antibacterial activity of the synthesized Au-RGO nanocomposite was assessed in terms of the minimum inhibitory concentration (MIC) using microbroth dilution assay [40,41].




3.8. Growth Kinetics Studies


Growth kinetics of all the test bacteria was determined at 0.5×MICs of Au-RGO. All bacteria were grown in TSB in the presence and absence of Au-RGO in a Bioscreen C 100 well microtiter plate (Labsystem Oy, Helsinki, Finland). Plates were placed in Bioscreen C and growth was measured as the optical density at 600 nm for 24 h.




3.9. Biofilm Inhibition


Microtiter plate (MTP) assay was employed for the quantitative evaluation of Au-RGO on the biofilm inhibition as described previously [42]. Concisely, overnight grown test bacteria were inoculated in well of MTP and sub-MICs (0.25×MIC and 0.5×MIC) of Au-RGO were added to wells and incubated for 24 h. Wells without Au-RGO treatment were considered as control set. Post incubation, media was decanted, each well was washed thrice and stained with crystal violet (0.1%) for 15 min. Free dye was washed away and dye adhering to the biofilm cells was dissolved in 100 µL ethanol (70%). Optical density of each well was recorded at 585 nm using Multiskan FC (Thermo Scientific, Waltham, MA, USA).




3.10. Microscopic Evaluation of Biofilm Inhibition


Microscopic examination of biofilm architecture was done by forming biofilms on glass coverslips in the presence and absence of sub-MICs (0.5×MIC) of Au-RGO [28]. In short, treated and untreated test bacteria were allowed to grow on glass coverslip placed in 12-well MTP for 24 h. For scanning electron microscopy (SEM), coverslips were washed thoroughly, dehydrated with gradient of ethanol and fixed with glutaraldehyde. Subsequently, the coverslips were sputter coated with gold and observed under JEOL-JSM 6510 LV (JEOL USA Inc., Peabody, MA, USA).




3.11. Effect on Exopolysaccharide Production


All the understudy bacteria were grown in the presence and absence of sub-MICs of Au-RGO. Grown cultures were centrifuged and filtered supernatant was collected for exopolysaccharide extraction. Chilled alcohol (three volumes) was added to the supernatant and incubated overnight at 4 °C to precipitate the EPS [43]. Dubois method [44] was used to quantify the produced EPS.




3.12. Disruption of Pre-Formed Biofilms


Test bacteria were allowed to form biofilm in the wells of 96-well MTP for 24 h. Growth media was aspirated out and wells were supplemented with fresh media. Sub-MICs of Au-RGO were added to all wells except for the control set and incubated again for 24 h. Post incubation, growth media was removed, wells were washed thoroughly and stained with crystal violet. Stained biofilms were evaluated by reading absorbance at 585 nm [45].




3.13. ROS Generation


Fluorescent probe 2,7-dichlorofluorescein diacetate (DCHF-DA) was used to assess the Au-RGO induced ROS production in test pathogens [46]. Briefly, metabolically active bacterial cells were harvested from exponentially growing cultures of test bacteria and centrifuged. Cells were washed and added to fresh TSB to which DCHF-DA was supplemented. Reaction mixture was left for incubation for 30 min at shaking. Then the cells were centrifuged and washed to remove the DCHF-DA. Cells were dispensed into the wells of MTP and each well was supplemented with sub-MICs of Au-RGO. Fluorescence intensity of Au-RGO treated and untreated wells were determined using fluorescence spectrophotometer (JASCO, FP750, JASCO, Tokyo, Japan).





4. Conclusions


In summary, AuNPs and Au-RGO nanocomposites were synthesized successfully using green route with citric acid as reducing agent and CTAB as binding agent by microwave irradiation technique. Synthesized AuNPs were stable, narrow in size distribution with two sized population; ranging from 2–12 nm. TEM images reveal that the stabilization of the gold nanoparticles was controlled by CTAB, which helped in anchoring on the surface of RGO sheets. XRD and Raman measurements revealed the formation of FCC structured AuNPs. Sub-inhibitory concentrations of Au-RGO demonstrated broad-spectrum inhibition of biofilm formation as well as destruction of pre-formed biofilms against both Gram-positive and Gram-negative food-borne pathogens. Au-RGO nanocomposites induced ROS generation was identified as the possible mechanism for the biofilm inhibition. Furthermore, the tested concentrations of Au-RGO nanocomposites were observed to be non-toxic to human embryonic kidney cell lines (HEK-293).Thus, it is envisaged that Au-RGO could be used in the food industry to mitigate the effect of biofilm contamination. Further, these nanocomposites could also be exploited to combat the threat of drug-resistant bacteria.
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Figure 1. XRD pattern of AuNPs and Au-RGO nanocomposites. 
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Figure 2. (a) TEM image of AuNPs, and inset shows corresponding HRTEM image. (b) TEM image of Au-RGO nanocomposites. 
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Figure 3. Room temperature Raman spectrum of Au-RGO nanocomposites. 
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Figure 4. Effect of 0.5×MIC of Au-RGO nanocomposites on biofilm formation. ** denotes significance at p ≤ 0.01, and *** denotes significance at p ≤ 0.005. 
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Figure 5. Scanning electron microscopic (SEM) images demonstrating inhibition of biofilm formation in test pathogens. 
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Figure 6. Effect of Au-RGO on EPS production by test bacteria. * denotes significance at p ≤ 0.05, ** denotes significance at p ≤ 0.01, and *** denotes significance at p ≤ 0.005. 
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Figure 7. Disruption of pre-formed biofilm by 0.5×MICs of Au-RGO. * denotes significance at p ≤ 0.05, ** denotes significance at p ≤ 0.01. 
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Figure 8. ROS generation inducted in test food bacteria treated with 0.5×MIC of Au-RGO. * denotes significance at p ≤ 0.05, ** denotes significance at p ≤ 0.01. 
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Figure 9. Schematic diagram for the synthesis of AuNPs and Au-RGO nanocomposites. 
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Table 1. MICs of Au-RGO nanocompositesagainst test foodborne pathogens.
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Sample

	
Test Pathogens (MIC Values in µg/mL)




	
L. monocytogenes

	
MRSA

	
E. coli

	
S. marcescens

	
P. aeruginosa






	
Au-RGO

	
32

	
64

	
16

	
8

	
16
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