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Abstract

:

This paper evaluated the use of soft-probe scanning electrochemical microscopy complementarily with confocal laser scanning microscopy to study the effects of different antimicrobial agents and treatments on E. coli DH5α biofilm. The antimicrobial agents were sodium azide, silver nanoparticles, and a flashlight. The effects of these agents were monitored by measuring the change in biofilm properties, such as biofilm biomass, live/dead studies, and surface activity. The results showed that sodium azide, silver nanoparticles, and the flashlight effectively killed E. coli biofilms and explained the mode of action for each treatment. Sodium azide was more effective in killing the biofilm after a short treatment time by blocking the ATPase, while silver nanoparticles were more effective at killing the biofilm after longer treatment times through several antibiofilm actions. This work showed that scanning electrochemical microscopy (SECM) is a very valuable tool for studying the effects of antimicrobial agents on biofilms. SECM is a sensitive technique that can be used to monitor the changes in biofilm properties in real-time. Additionally, SECM does not require any sample preparation, which makes it a convenient and efficient technique. Overall, the results of this study could be used to develop new strategies for treating E. coli biofilm infections and provide valuable insights into the use of SECM to study the effects of antimicrobial agents on E. coli biofilms.
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1. Introduction


Bacterial biofilms are thin organic layers of one or more bacterial cells embedded in a matrix containing extracellular polymeric substances (EPS) and water [1]. The EPS-based matrix behaves as a physicochemical barrier, limiting the accessibility of nutrient supplements and antimicrobial reagents [2]. The lack of nutrients reduces the metabolism of bacteria deep inside the biofilm, and they adapt to a dormant state, making them less susceptible to antimicrobial agents [3]. The efficiency of antibiofilm treatments is determined by detecting the bacterial cell viability embedded in the biofilm when exposed to antimicrobial agents. Several techniques can be applied to assess biofilm viability based on the biofilm’s culturability, RNA detection, metabolic activity, or the determination of membrane integrity [4]. Metabolic assays detect metabolic compounds produced or consumed by bacteria, either using in situ or ex situ methods. This approach evaluates the viability of intact biofilms and can be realized by utilizing metabolic indicator dyes such as resazurin [5,6], fluorescein diacetate [7], or pH indicators [8]. Metabolic assays often evaluate the free-floating bacteria and the bacteria within the biofilm differently. This could be the main drawback of the metabolic assays for detecting biofilm viability [9]. Alternatively, electrochemical methods can be applied for the in situ investigation of the metabolic activity of biofilms. Electrochemical detection is sensitive, can be non-destructive to living biological samples, is operational in small sample volumes, can be applied in portable devices (e.g., sensors), and is generally less prone to interferences than optical methods [10,11,12,13,14]. As recently reviewed, electrochemical investigations of biofilms with microelectrodes offer many opportunities [15]. In particular, scanning electrochemical microscopy (SECM) is attractive for the real-time detection of redox-active small molecules and a biofilm’s metabolic activity with micrometer resolution. SECM is a technique that uses a scanning probe to measure the electrochemical activity of a surface. This can be used to map the distribution of electroactive species on a surface or to study the kinetics of electrochemical reactions. SECM is a very sensitive technique that can image surfaces at the nanoscale. SECM has been used for different investigations on biofilms, e.g., the detection of H2O2 on biofilms, used to study the glucose metabolism of various biofilms [16,17], catalase activity of Vibrio fischeri biofilms [16], and quorum sensing molecules with the aid of the detection of pyocyanin [18,19,20]. Also, SECM was proposed to detect the effect of antimicrobial treatments [21,22,23,24]. Several chemical and physical methods have demonstrated antimicrobial effects on biofilms, including antibiotics, various materials, heat treatment, light treatment, or filtration [25,26,27]. Metal nanoparticles such as gold (AuNPs) and silver (AgNPs) possess an intrinsic antimicrobial activity [28]. This study used silver nanoparticles as antimicrobial agents. Furthermore, antimicrobial chemicals, including fluoride [29], chlorine [30], chlorhexidine [31], and sodium azide [32], were used to eradicate biofilms. Among the antimicrobial chemicals, azide has a significant effect as an inhibitory agent on bacteria’s metabolic pathways within the biofilm [32,33]. Furthermore, the effect of light on biofilms is a complex topic, but research suggests that light can be a powerful tool for controlling the growth and spread of bacteria. The type of light, the intensity of the light, and the duration of exposure all affect the growth and behavior of biofilms [34,35]. Blue and red light (wavelengths of 400–500 and 600–700 nm, respectively) are the most effective at killing bacteria in biofilms because they can penetrate the biofilm and reach the bacteria inside. Blue light is more effective at killing bacteria than red light, but it is also more likely to damage human cells [36,37]. Green and yellow light (wavelengths of 500–600 nm) are less effective at killing bacteria in biofilms, but they can still have some effect. These wavelengths of light do not penetrate the biofilm as well as blue and red light, but they can still damage the bacteria on the surface of the biofilm. UV light (wavelengths of 200–300 nm) is also effective at killing bacteria in biofilms, but it can also damage human cells [38,39]. UV light damages the DNA of bacteria, which can prevent them from reproducing. The intensity of the light also affects its effect on biofilms [40,41]. In general, higher intensity light is more effective at killing bacteria, but too much light can damage human cells [42].



Previously, the potential to use Soft-Probe-SECM for the investigation of the metabolic activity of biofilms by utilizing the feedback mode of SECM has been demonstrated [43]. Here, the objectives were to determine the inherent impacts of antimicrobial reagents on the biofilm of the model bacterium E. coli strain DH5α by recording the electrochemical surface reactivity of biofilm and to find whether the Soft-Probe-SECM is sensitive to the impact of the incubation time and concentration of antimicrobial reagents on the biofilms. We present the use of SECM to visualize the response of E. coli biofilms to three different antimicrobial treatments—antimicrobial reagents, including sodium azide, silver nanoparticles, flashlight treatment—and the constraints of combining and comparing with data obtained from state-of-the-art biofilm detection methods. Further, since nanoparticle transport in the biofilm is affected by particle size and aggregation state, the treatment effects of using three types of AgNPs with different colloidal stability were compared (Scheme 1). The existing literature on antimicrobial biofilm treatments has focused on single microscopy readouts. However, this study is the first to investigate the complementary detection of scanning electrochemical microscopy and confocal laser scanning microscopy. This is significant because biofilms have very complex structures, and it is crucial to have different readouts for each individual system.




2. Materials and Methods


2.1. Materials


FcMeOH (97%), silver nitrate (>99%), polyvinylpyrrolidone, ethylene glycol, and sodium azide were purchased from Sigma-Aldrich, Buchs, Switzerland. Phosphate-buffered saline (PBS, 10 mM, pH 7.4) was prepared with disodium phosphate (Na2HPO4, 99.5%), monosodium phosphate (NaH2PO4, 99.5%), and sodium chloride (NaCl, ≥99%), which were all bought from Sigma-Aldrich, Switzerland. Propidium iodide and SYTO™ 9 Green Fluorescent Nucleic Acid Stain were purchased from Thermo Fisher Scientific Company, Waltham, MA, USA. E. coli strain DH5α was bought from Invitrogen, Waltham, MA, USA. All reagents and materials were of analytical grade and used as received. Deionized water was produced using a Milli-Q plus 185 model from Millipore, Zug, Switzerland.




2.2. Preparation of E. coli DH5α Cell Cultures


E. coli strain DH5α was grown as pre-cultures in LB at 37 °C for 6 h with continuous shaking at 200 rpm. Then, 100 μL of each pre-culture was added into 900 µL of 2xYT and incubated overnight at 37 °C with constant shaking at 150 rpm.




2.3. E. coli DH5α Biofilm Culture


A total of 4 mL of 5 mM MgSO4 in 2xYT was added to the solution of E. coli DH5α cells (prepared in Section 2.2), which was incubated for 2 h under continuous shaking at 150 rpm. Glass slides were placed in the culture dish 60 (Thermo Fisher Scientific, Basel, Switzerland) and incubated overnight at 37 °C and 50% humidity. The biofilm formed at the interface between the glass substrate surface and air and/or culture medium. The presence of Mg2+ in the medium positively affected the initial attachment of bacterial cells, fostering biofilm formation [44] and increasing the biofilms’ mechanical strengths [45].




2.4. Antibiotic Treatments for Biofilm Degradation


2.4.1. Sodium Azide


Sodium azide was prepared in 4 mM solution in DI water at room temperature. One-day-old biofilms on the glass slides were incubated at room temperature for 5 min and 15 min in the sodium azide-containing solution. After that, the sodium azide solution was washed away gently three times with DI water.




2.4.2. Silver Nanoparticles


Silver Nanoparticles Were Synthesized Using Three Different Methods


Synthesis 1. Silver nanoparticles were prepared by reducing dissolved silver nitrate using citrate. An aqueous solution of 17 mg of AgNO3 in 100 mL water was heated under reflux and vigorous stirring for two minutes. After that, 10 mL of a 35 mM aqueous sodium citrate solution was rapidly added. The solution gradually turned yellow within a few minutes, indicating the formation of Ag nanoparticles. The solution was heated under reflux for 6 min. After that, the solution was cooled down to room temperature.



Synthesis 2. A 50 mg quantity of AgNO3 (29.4 mmol) was first dissolved in 0.15 mL deionized water, then 40 mL acetone was added and the resulting solution was mixed under magnetic agitation for 20 min. In this solution, 1.6 g PVP powder was added, and the agitation was continued for another 35 min. After 30 min stirring, PVP was observed to agglomerate and stick on the beaker’s bottom and wall. The remaining acetone was decanted at the end of the mixing period. At the end of the experiment, the solid PVP (initially white) turned into a light brown and then a dark brown paste, indicating the formation of silver nanoparticles embedded in the polymer matrix. The final solid was then allowed to dry in the air for 48 h. The Ag/PVP colloid powder was dissolved in 50 mL water under magnetic agitation and kept stirring for 10 days, giving colloidal dispersions of PVP-protected silver in water [46].



Synthesis 3. In this synthesis, in the final steps, instead of dissolving in water (Synthesis 2), the Ag/PVP colloid was dissolved in 50 mL ethylene glycol to make a colloidal dispersion of PVP-protected silver in ethylene glycol for 10 days [46].




Reactions of AgNPs with Biofilms


For this process, 0.1 µg·mL−1 and 1 µg·mL−1 of AgNPs were added to the one-day-old biofilms on the glass slides and incubated at 37 °C with 50% humidity for one day. Afterward, the sample was thoroughly rinsed with water three times to wash away the silver nanoparticles.



For both azide and silver treatments, the samples were air-dried and were used for complementary detections of live/dead fluorescence microscopy measurements and soft-probe-SECM.



The antimicrobial agents (sodium azide and silver nanoparticles) were dried using heat at 160 °C for three hours before application to the biofilm.





2.4.3. Flashlight Irradiation for Treating Biofilms


The PulseForge 1300 photonic curing system (Novacentrix, Austin, TX, USA) was utilized to irradiate biofilms. Flashlight irradiation has been performed with a Xenon flashlight by pre-charging the capacitors of the lamp control units at 550 V for one, three, and five consecutive shots.





2.5. Confocal Laser Scanning Microscopy (CLSM) for Biofilm Characterization


CLSM was applied for biofilm studies. A 20 µM solution of SYTO 9 was prepared from a 5 mM stock solution in DMSO via dilution with PBS. Then, 300 µL of the solution was dropped on a biofilm-coated glass coverslip and incubated for 30 min at room temperature. The absorption wavelength and emission wavelength of SYTO 9 were 485 nm and 500 nm, respectively. Then, a 500 nM solution of PI was prepared by diluting a 1 mg/mL 1.5 mM stock solution in LB, and 300 µL of the solution was dropped on the biofilm-coated glass coverslip and incubated for 5 min at room temperature. The absorption and emission wavelengths of PI were 535 nm and 617 nm, respectively. The Leica TCS SP8 white light laser (WLL) confocal microscope was used to visualize fluorescent markers.




2.6. Crystal Violet Staining of Biofilms


Biofilm-coated glass coverslips were washed three times with PBS and then dried at 60 °C for 15 min. Afterward, the coverslips were incubated in 2 mL of 0.1 wt% crystal violet staining solution for 15 min. Then, the coverslips were washed with PBS three times and dried at 60 °C for 15 min. After that, the stained biofilm was immersed in 30% acetic acid for 15 min to detach the stained biofilm from the glass slide. The solution was then analyzed with a Lambda 950S UV–Vis spectrophotometer (PerkinElmer, Waltham, MA, USA), and the results were given as optical density at 630 nm (OD630).




2.7. Characterization of AgNPs and Ag/PVP Nanocomposites


The synthesized AgNPs and Ag/PVP nanocomposites were characterized by using ultraviolet–visible spectroscopy (UV/Vis) (Lambda 950S UV–Vis spectrophotometer (PerkinElmer, Waltham, MA, USA)). Colloidal Ag/PVP of 0.05 mL was added to 5 mL water in a quartz cell. For Syntheses 1 and 2, the blank test was the corresponding water–PVP solution. In the case of ethylene glycol (Synthesis 3), the blank solution was the corresponding ethylene glycol–PVP solution, and the chosen volume was the same as the sample preparation for Syntheses 1 and 2.



Furthermore, AgNPs and nanocomposites’ sizes were measured using dynamic light scattering (DLS) (Nano series, Malvern, UK), scanning electron microscopy (SEM), materials analysis with an X-ray detector for elemental mapping using X-ray energy-dispersive spectrometry (XEDS) (Dual-beam FEI Quanta, Corvallis, OR, USA), and atomic force microscopy (Dimension Icon with ScanAsyst from Bruker with tapping mode in air-standard).




2.8. Soft-Probe-SECM Measurements for Biofilm Study


SECM measurements were carried out in a three-electrode configuration using a homemade SECM setup running under SECMx software (G. Wittstock, University of Oldenburg) and comprising an Ivium Compactstat (Ivium Technologies, Eindhoven, Netherland) (Scheme 2). A soft SECM probe containing a carbon paste microelectrode (ME, active electrode area ~100 µm2) acted as a working electrode, a silver wire was used as a quasi-reference electrode (QRE), and a platinum wire as a counter electrode (CE). All potentials noted herein for SECM measurements were referred to the QRE. The soft SECM probe (VersaScan (VS) Stylus probes obtained from Princeton Applied Research—Ametek, CA, USA) was made of a thin and flexible PET sheet of 100 µm thickness where the ME (electrode area ~100 µm2) was embedded into a laser-drilled microchannel and sealed with a 2 µm thin Parylene C layer. Soft SECM probes were brushed over the samples in a gentle contact mode, with the Parylene C side touching the substrate. Prior to each experiment, the tip of the soft SECM probe was cut with a razor blade to provide a clean, active electrode surface. The probe was tilted by 20° with respect to the surface normal. All experiments were performed at room temperature (23 ± 2 °C). Lateral SECM probe translations were carried out with a working electrode potential ET = 0.5 V for the oxidation of FcMeOH with probe translation speed = 25 µm/s, step size = 10 µm, and delay time between probe movement and current reading = 0.1 s. The experimental solution contained 2.5 mM FcMeOH in 100 mM PBS with pH 7.4.





3. Results and Discussion


3.1. SECM Investigation of Biofilm Degradation Induced with Azide


Herein, one-day-old E. coli biofilms were grown on a thin coverslip (the coverslip thickness was 170 µm) in a culture medium. The successful formation of the biofilm, i.e., viable and intact bacterial cells embedded in EPS, was confirmed using laser scanning microscopy, scanning electron microscopy (SEM, showing high-resolution images of the surface topography), and live/dead fluorescence microscopy (SI-1). The electron transfer chain of bacteria is located on the plasma membrane of the E. coli cells (Figure 1a) [47]. The redox mediator for SECM analysis must permeate through the outer membrane of the E. coli cells, reaching terminal metabolic redox enzymes of the electron transfer chain [48]. The outer leaflet of the outer membrane is composed of lipopolysaccharides (LPS), which are highly negatively charged and work as a selective permeability barrier [49]. One possibility for the transfer of the redox mediator is beta-barrel proteins, such as porins located in the outer membrane [50]. Porins are narrow channels that allow selective diffusion, driven by the concentration gradient between the two sides of the membrane. Porins allow, by passive diffusion, the passage of hydrophilic and lipophilic ions and molecules with molecular weights below 600 Da. Furthermore, lipophilic compounds may also cross the membranes directly [51,52]. The reduced form of the redox mediator must leave the bacterial cells through the outer membrane.



Soft-Probe-SECM in feedback mode was carried out in 100 mM PBS (pH 7.4) using 2.5 mM FcMeOH as a redox mediator for reading out the surface reactivity of the E. coli biofilm. By applying 0.5 V to the SECM probe, the oxidized forms of the redox mediator, positively charged FcMeOH+, were continuously generated and diffused towards the nearby biofilm. FcMeOH+, with a standard redox potential of 0.44 V [53], competed with O2 as an electron acceptor. The inhibition of the respiratory chain affects the viability of E. coli cells through the proton motive force and electron transport chain [32,33], thus reducing FcMeOH+. During approach curves, the soft probe was tilted at an angle of 20° from the normal surface and controlled by the SECM probe holder. Once the probe touched the substrate surface, the SECM probe bent slightly on the plastic while the SECM current remained nearly constant, demonstrating the constant working distance. The probe was then pressed against the substrate by moving the SECM probe holder further downwards to reach a probe height of −35 μm. The probe height generally ranged from −25 μm to −35 μm, and was applied and adjusted as needed to ensure that the soft probe was always in contact with the sample during line scan experiments.



First, sodium azide was used to inhibit the metabolic activity of an E. coli biofilm. In metabolically active bacteria, ATPase in the plasma membrane catalyzes the synthesis of ATP from ADP (Figure 1a). This oxidative phosphorylation reaction is coupled to the proton motive force and proton transport from the outside of the bacterial cells into the cytoplasm [54]. Electron transfer reactions maintain the proton motive force (and thus the membrane potential). NADH serves as an electron donor, and its oxidation with NADH dehydrogenase pumps protons out of the cytoplasm. Under aerobic conditions, oxygen is the final electron acceptor. This results in the transport of up to eight protons [55]. The ETC comprises membrane-bound cytochromes (a-, b-, d-, o-type), dehydrogenases, quinones, and flavins. The sites of electron transfer of the anodic electron transport are cytochrome bo, cytochrome bd, Ubiquinone-pool, FAD reduction, and NADH oxidation, according to Equations (1)–(3) (Figure S3, E0′ given at 25 °C and pH 7 [55]):


NADH → 2e− + NAD+ + 2H+ cytoplasm E0′ = −0.32 V



(1)






FADH2 → 2e− + FAD+ + 2H+ cytoplasm E0′ = −0.219 V



(2)






UQH2 → 2e− + UQ + 2H+ periplasm E0′ = 0.045 V



(3)







The reported potentials (ox/red) of cytochromes a-, b-, d-, and o-type are 0.290 V, 0.080 V, 0.024 V, and 0.200 V, respectively [55]. In the aerobic respiration of E. coli, oxygen (E0′ = 0.82 V) acts as an electron acceptor [55].



Biofilms on a coverslip were incubated in a solution with 4 mM sodium azide, a potent inhibitor of bacterial growth [56]. Sodium azide inhibits bacterial growth by inhibiting the activity of SecA, an ATPase required to translocate proteins across the cytoplasmic membrane [57]. The inhibition of the three F1-ATPase catalytic sites was discussed in the literature [58]. Three biofilms were grown on the coverslip and incubated in a sodium azide-containing solution. The same biofilms were evaluated for the non-treated samples. Three SECM approach curves were performed over the biofilms before and after incubation in sodium azide, each time followed by changing the solution and washing the biofilm. SECM measurements were carried out without antimicrobial agents. The details of SECM approach curve signals are presented in Table S1 and shown in Figure 1b. The average of the normalized currents over nontreated samples was (0.62 ± 0.02), and after 5 min and 15 min it decreased to (0.45 ± 0.01) and (0.34 ± 0.02) for three different samples (Figure 1c). The feedback current decreased by 27% and 46%, respectively, after 5 min and 15 min incubation in sodium azide (Figure 1d). As the results show, the developed SECM approach is very sensitive to the effect of sodium azide treatment. It can record a significant change in the SECM current after 5 min of azide incubation. This may result from the reduced electron transport chain activity to reduce FcMeOH+ and a reduced number of living bacterial cells. Therefore, with the feedback mode of SECM, the effect of ETC inhibitors on biofilms could be recorded quickly and with high sensitivity.



Furthermore, four SECM feedback line scans were performed, with a lateral space of 250 µm between them, on the same sample (Table S2 and Figure S4), and the mean calibrated current values for each line scan are shown in the bar plot in Figure S4d. The averages of the calibrated current over nontreated samples were (0.58 ± 0.004), and after 5 min and 15 min they were (0.41 ± 0.003) and (0.33 ± 0.004), respectively, for four different locations. The calibrated feedback current decreased by about 30% and 44% after incubation in sodium azide-containing solution for 5 min and 15 min. Therefore, the biofilm activity to reduce FcMeOH+ upon inhibiting cellular respiration by sodium azide was reduced.



Furthermore, the inhibitory effect of sodium azide was evaluated with live/dead staining confocal laser scanning microscopy (CLSM). The effect of sodium azide treatment on the intact biomass of the biofilm was investigated with Cristal Violet (CV) staining. Before sodium azide treatment, as it is shown in Figure 2(ai,bi,ci), the biofilm mainly emitted a green color (both dead and living bacterial cells) and very few red colors (dead cells), indicating that the bacteria within the biofilm were predominantly alive. Figure 2d shows the biofilm biomass (i) before and after (ii) 5 min and (iii) 15 min incubation in sodium azide-containing solution.



The intensity values are presented in Table S3 and Figure 2e–g. The intensity of SYTO 9 staining was similar between the non-treated and azide-treated biofilms for the short incubation time, and it decreased by 9% after 5 min incubation. Furthermore, the biomass of the biofilm decreased by 6%. Both small changes in the intensity of SYTO 9 and CV suggest that the biofilm’s total biomass was stable after 5 min. The changes in the intensity of SYTO 9 and CV after 15 min were 21% and 21%, respectively. The intensity of the red color emitted by the biofilms increased by 13% and 67% after 5 min and 15 min, indicating an increasing number of dead bacteria within the biofilm, with a particular impact after 15 min. As the results suggest, the optical microscopy techniques seemed to detect the effect of sodium azide over a long time with less sensitivity than SECM. Furthermore, biomass loss has been observed, mainly from washing the dyes essential for staining the biofilm. In the other study, Rapp et al. [59] used sodium azide as a biocide agent for monitoring biofilm destabilization and deactivation effects in real time. They treated P.aeruginosa biofilm with 1% v/v sodium azide solution and observed the impact of the treatment via continuous amperometric monitoring. They reported that the biofilm’s respiratory activity was significantly impaired, and most of the bacteria within the biofilm were dead.



The statistical analysis of the results from live/dead fluorescence microscopy and SECM shows that the SECM readout is more sensitive for detecting the harsh effect of azide treatment than PI staining, which did not show a significant impact in a short time. PI is a membrane-impermeable dye generally used to distinguish intact from damaged cells. Sodium azide has the main inhibitory effect on the respiratory chain, and from the investigations herein, it is more readable with the feedback mode of SECM. Furthermore, as the previous study [59] shows, Soft-Probe-SECM appears sensitive to surface reactivity. Therefore, even though washing the antimicrobial agents has a minor effect on biomass, it does not interfere with the SECM results. Furthermore, washing steps in the staining protocols lead to the removal of biomass, which has prominent external effects on the intensity of the images after treatments. As this result shows, after just 15 min, the biomass decreased by about 21% after sodium azide treatment and washing steps. Also, SECM could be recorded right after treating the biofilm and washing away the sodium azide since it does not need any treatment; however, for CLSM, sample preparation and staining steps are required.




3.2. SECM Investigation of Biofilm Degradation by Silver Nanoparticles


Silver nanoparticles (AgNPs) are widely used as antimicrobial agents [60]. The antibacterial activity of AgNPs is mainly associated with the generation of silver ions (Figure 3a). For instance, Ag(I) ions can interact with thiol groups on the cell surface, leading to the proton motive force collapse and, eventually, cell death [61]. Ag(I) ions (ionic radius of 0.115 nm) pass through porin channels (pore size, 1–3 nm) [60]. They can bind to membrane-bound enzymes and proteins containing thiol groups [62], interfere with DNA replication, and deactivate many enzymatic functions [60]. Ag(I) ions further increase the level of reactive oxygen species (ROS) inside the cell [63]. Moreover, AgNPs can mechanically create pores in the outer membrane, inducing physical damage to the bacterial cells. The mechanism of action of silver is linked to its interaction with thiol group compounds found in the respiratory enzymes of bacterial cells. Silver binds to the bacterial cell wall and cell membrane and inhibits respiration in the case of [64]. Silver acts by inhibiting phosphate uptake and releasing phosphate, mannitol, succinate, proline, and glutamine from E. coli cells [65]. The nanoparticles preferably attack the respiratory chain, causing cell division, finally leading to cell death. Herein, three different silver nanoparticles were synthesized. Citrate-capped AgNPs and Ag/PVP nanocomposites capped by PVP in water and ethylene glycol were successfully synthesized using a solution chemistry method (Figure 3b). The UV/Vis absorption spectra of AgNPs are shown in Figure S5a–c. The maximum absorption results of the studied nanocomposites were found at 473 nm, 442 nm, and 414 nm for citrate-capped AgNPs, PVP-capped AgNPs in water, and PVP-capped AgNPs in EG, respectively [55,66]. It has been reported that the absorption spectrum of spherical silver nanoparticles showed a maximum between 400 nm and 500 nm with a blue or red shift when the particle size diminished or increased, respectively [67,68]. Due to this reason, the nanocomposites synthesized in ethylene glycol showed a plasmon, which was blue shifted. AgNP size distributions determined by dynamic light scattering (DLS) and atomic force microscopy (AFM) are included in Figure 3c–h. AgNPs showed a single peak of hydrodynamic diameter distribution with the average peak in the number-weighted distribution at (23 ± 4) nm, (8 ± 2) nm, and (4 ± 1) nm for citrate-capped AgNP, PVP-capped AgNP in water, and EG. The single peaks obtained indicated the homogeneity of the particles’ size. AFM results shown in Figure 3f–h confirmed the data from DLS. Further AgNPs analysis was conducted with SEM and Energy-dispersive X-ray spectroscopy (EDX) elemental mapping (SI-4).



Further intensity-weighted distributions are shown in Figure S5. The difference between intensity- and number-weighted distribution indicates that the initial suspension contained a fraction of aggregate particles that could not be thoroughly dispersed. The biofilm was incubated for 24 h in AgNP suspension. DLS was performed after 24 h (without dispersion and ultrasonication to simulate biofilm incubation over 24 h in a static environment). As shown in Figure 3f–h, after 24 h incubation, the number-weighted hydrodynamic diameter peak shifted to the larger particle size, indicating a substantial aggregation of primary particles. Citrate-capped AgNPs had shown a higher peak shift, indicating that PVP-capped AgNPs aggregated less. The PVP-capped AgNPs maintained their stability when incubated for 24 h, as indicated by stable DLS size distribution. Therefore, the important observation is that in contrast to citrate-capped AgNPs, after 24 h, PVP-capped AgNPs remained suspended, and these suspended particles were mostly unaggregated.



For SECM analysis, an E. coli biofilm was grown for one day on a coverslip and then partially covered with AgNPs for one additional day. Biofilms were exposed for one day to 0.1 μg·mL−1 AgNP suspension, the minimum inhibitory concentration (MIC) of AgNP suspension for E. coli biofilm [69], and 1 µg·mL−1 AgNO3, 10-fold that of MIC. The MIC of the AgNP suspension for biofilm was about 10 times higher than the MIC of planktonic bacteria due to the known enhanced resistance of the biofilm against antimicrobial reagents [69]. The AgNP suspension (0.1 µg·mL−1 and 1 µg·mL−1 of AgNPs, 10 µL) was dropped carefully on a small sample region only. This region appeared greyish and was, therefore, easy to locate with the naked eye. After the treatment, the solution and the AgNPs were gently but thoroughly washed away from the biofilm. Soft-Probe-SECM feedback z-line scanning (approach curves) of the treated and non-treated areas was performed for all three different AgNPs and for the two concentrations of AgNO3 (MIC and 10 MIC) in triplicate with 250 µm lateral distance, and is shown in Figure 4.



Table S4 includes the normalized currents when the soft probe contacted the sample surface. The average of the normalized SECM currents is indicated in Table S5. The feedback current decreased about 24%, 32%, and 72% for 0.1 µg·mL–1 of AgNPs and 55%, 68%, and 90% for 1 µg·mL−1 of AgNPs of citrate-capped AgNPs, PVP-capped AgNPs in water, and EG, respectively (Figure 4). SECM results show that treated biofilms with Ag+ have lower feedback currents. This means that Ag+ treatment could damage the respiratory chain. Despite the effect of AgNPs on the electron transport chain, it has different effects, e.g., a disruption of the cell membrane, the inactivation of proteins/enzymes, etc. This leads to a reduction in biofilm activity, specifically the respiration of the bacterial cells in the biofilm, which affects the feedback current recorded by SECM. EPS could act as a barrier for antimicrobial transport into the biofilm and play a role in the biofilm’s extraordinary antimicrobial tolerance [70]. The relatively large sizes of AgNPs, especially their aggregates, suggest that transport hindrance could play a role in biofilm tolerance. As a result, the PVP-capped AgNPs in EG showed a prominent inhibitory effect with an apparent dropping in the feedback SECM current. It had almost twice the effect compared to PVP-capped AgNPs in water. This could come from two reasons. First, PVP-capped AgNPs in EG are small enough to pass through porin channels and have significant inhibitory effects. Second, the capping agents could decrease the interaction of AgNPs with the outer membrane. Therefore, PVP for the larger AgNPs could behave as a barrier and decrease the interaction while they are located outside of bacteria cells [67]. Hindered nanoparticle diffusion in biofilms has been demonstrated by Peulen and Wilkinson [71]. They observed a negligible diffusion of carboxylated polymer nanoparticles with diameters greater than 50 nm in laboratory-grown P. fluorescens biofilms with a reported thickness of less than 30 μm. In another study, Bard and co-workers [21] discussed the interaction of Ag+ with the enzymes of the respiratory chain of E. coli. The authors suggested an inhibitory effect of Ag+ at a low potential point, possibly by NADH dehydrogenase. Ferricyanide was used as an alternative electron acceptor to oxygen so that the reduction of ferricyanide to ferrocyanide by the respiration of E. coli was electrochemically followed. Ferricyanide is a hydrophilic molecule that does not pass the outer membrane to reach the plasma membrane. Therefore, the authors suggested the interaction of ferricyanide with a membrane-spanning protein, such as complex I or III, at some point in the periplasmic space, outside the cytoplasmic membrane [72]. Furthermore, the live/dead and biomass stainings have been investigated as complementary detection methods. PVP-capped AgNPs in EG (1 µg·mL−1 of AgNPs) were considered for biofilm treatment. Figure 5 shows the fluorescence images of two-day-old biofilm, including one day of growth in the solution with AgNPs, and details of the intensity of the figures were measured by ImageJ and were written in Table S6. The control was one-day-old biofilms (the same biofilm before treatment) without exposure to the AgNPs solution, demonstrating the bacterial cells’ viability embedded in the non-treated biofilm (Figure 5a–d). As seen from the live/dead stained fluorescence images and biomass staining (Figure 5e–h), most bacteria died, and the intensity of PI staining (Figure 5i,j) increased by 90%. Furthermore, the biomass (Figure 5k) decreased by about 57%, indicating that the silver treatments also led to biofilm eradication. The previous study [51] reported that surface reactivity is most likely recorded with an SECM experiment. The recorded results of SECM and CLSM were quite similar, in contrast to the azide treatment discussed above. SECM showed a 90% reduction in feedback current, and CLSM showed a 90% increase in PI intensity. However, recording SECM approach curves is much faster than recording CLSM images. In this study, each approach curve took 50 sec; however, each CLSM image took more than 45 min, since the biofilm was about 12 µm thick and z-stacking imaging takes a long time.




3.3. SECM Investigation of Biofilm Treatment by Flashlight


Lastly, the biofilm was treated with flashlight irradiation. The method uses a high-intensity Xe flash lamp whose emissions contain UV and white light (wavelengths from 200 nm to 1500 nm). As bacterial cells are prone to damage when exposed to UV light, rapid flashes might be used to disinfect environmental (water pipes) or clinical surfaces (operation equipment). The intensity of the flashlight is relatively high, reaching several J/cm2 in a single flash. The flashlight irradiation technique is conducted at room temperature and air, thus under ambient conditions [70]. Herein, a one-day-old E. coli biofilm was treated with flashlight irradiation, applying 550 V for charging the lamp driving capacitors for different numbers of shots, i.e., one, three, and five. Figure 6 shows the SECM feedback response of the flashlight-treated biofilms. Tables S7 and S8 indicate the details of the SECM currents at the contact point between the soft probe and the biofilm surface. The current decreased by 20%, 78%, and 88% after treating the biofilm with the 550 V flashlight irradiation in one, three, and five shots.



Complementary detection has been performed based on Co-SYTO 9/PI staining (Figure 7). As illustrated, the flashlight treatment killed the bacteria. Still, it also partially removed the biofilm, leading to biofilm eradication. The details of each fluorescence image with each fluorescence image’s intensity were assessed using ImageJ and are indicated in Table S9. The intensity of PI staining increased by 21%, 63%, and 79% by treating the biofilm with the 550 V-driven flashlight using one, three, and five shots.



Flashlight irradiation is a quick and clean technique for treating biofilm. In a case in vivo, applications are envisaged whereby a large portion of UV with high intensity must be considered, and measures must be applied to enable a safe operation for the organs. However, flashlight treatments of biofilms could be considered a powerful biofilm eradication technique for environmental applications.





4. Conclusions


To conclude, Soft-Probe-SECM of E. coli biofilms treated with different antimicrobial agents and treatments are presented. The antimicrobial agents were sodium azide, a respiratory chain inhibitor, and silver nanoparticles, which disrupt cellular membranes, proteins, and polysaccharides. In addition, biofilms were treated with light flashes generated from a high-intensity Xenon flash lamp. The antimicrobial concentrations were 4 mM sodium azide and 0.1 µg·mL−1 AgNO3 and 1 µg·mL−1 AgNO3, and the change in the biofilm properties was followed depending on the treatment time for sodium azide and the size of the nanoparticles for the silver nanoparticle treatment. The inhibitory effect of these agents on cell viability was confirmed by using live/dead fluorescence imaging and biomass staining. The SYTO 9 intensity indicated that the total number of living and dead bacterial cells remained constant, independent of the applied antimicrobial treatment. PI intensity showed an increasing number of dead bacterial cells with treatment. The SECM feedback mode was used, and feedback currents decreased after the biofilms were treated with antimicrobial strategies. The feedback current reduction was most likely recorded based on the surface reactivity of treated samples. SECM revealed a change in biofilm activity after only 5 min. Similarly, the feedback SECM current reduction after exposure to AgNPs was significant, suggesting that SECM could record the biocide effects of sodium azide on the electron transfer chain more sensitively than fluorescence microscopy at short treatment times. Furthermore, flashlight irradiation was used as a quick technique. The results indicated that this technique is a powerful tool for biofilm eradication. The results demonstrate that SECM could become a powerful technique for recording various agents’ effects with an inhibitory effect at the intracellular level, especially those affecting the respiratory chain. SECM was very sensitive, with fast responses compared to the complementary techniques. SECM approach curves were recorded in less than a minute. Furthermore, SECM in the modes applied herein did not acquire any sample pre-treatment, as the sensitive marker was a redox mediator in the solution.
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Scheme 1. Workflow. (a) Biofilm culture. (b) Removing the glass slide from the cultured environment in the petridish. Biofilm is formed on the glass slide. (c) Antibiofilm treatments including (1) sodium azide, (2) silver nanoparticle, and (3) flashlight treatments. (d) Recording the effect of antibiofilm treatments with complementary readout of SECM and fluorescence microscopy. 
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Scheme 2. Schematic representing the SECM assembly used in the experiment. 
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Figure 1. (a) Schematic representation of the respiratory electron transport chain in E. coli, including possible sites of electron transfer on the plasma membrane (adapted from Ref [46]). Dark yellow and green lines indicate the transfer paths of electrons and protons within the electron transport chain, respectively. (b) Soft-Probe-SECM approach curves for detecting the effect of azide treatment with incubation times of 5 and 15 min on E. coli biofilm on a glass coverslip (c) Mean ± standard deviation of current at the touching point on the substrates. (d) Percentage of reduction in feedback current after 5 min and 15 min compared to the non-treated condition. Experimental details for approach curve SECM scans: working potential ET = 0.5 V, probe translation speed = 5 μm s−1, step size = 2 μm, 2.5 mM FcMeOH in 100 mM PBS (pH 7.4). 
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Figure 2. Live/dead co-staining of E. coli biofilm with (a) SYTO 9/(b) PI, and overlap of staining (c). (d) Biomass staining was performed with crystal violet staining. (i) Fluorescence image of biofilm before azide treatment. Fluorescence image of biofilm after (ii) 5 min and (iii) 15 min incubation in a solution with 10 mM sodium azide. Analysis of intensity from live/dead co-staining and biomass staining of E. coli biofilm with SYTO 9/PI and CV. (e) Bar plot of mean ± standard deviation of the intensity of images in (a,b) calculated using ImageJ 1.53t. (f) Bar plot of mean ± standard deviation of the intensity of images in (d) calculated using ImageJ. (g) Percentage of intensity changes compared to non-treated samples after different sodium azide incubation times. 
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Figure 3. Treating biofilm with AgNPs: (a) schematic representing the effect of AgNPs against E. coli. (b) Synthesis of different AgNPs. Dynamic light scattering results of (c) citrate-capped AgNPs, PVP-capped AgNPs in water (d), and EG (e) based on the percentage of the count of number distribution. AFM of (f) AgNPs capped with citrate, PVP-capped AgNPs in (g) water, and (h) EG just after synthesis (insets are AFM maps.). 
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Figure 4. Soft-Probe-SECM approach curves for detecting the effect of AgNP on E. coli biofilm on a glass coverslip: treating one-day-old E. coli biofilm with 0.1 µg/mL AgNO3 (a–c) and 1 µg/mL AgNO3 (d–f). (a,d) E. coli biofilms were treated with citrate-capped AgNPs. (b,e) E. coli biofilms were treated with PVP-capped AgNPs in water. (c,f) E. coli biofilm was treated with PVP-capped AgNPs in EG. For each experiment, three different samples were evaluated. (g) Mean ± standard deviation of the normalized SECM current when the soft probe contacted the biofilm surface during approach curves. (h) Relative changes in the current response with respect to the non-treated sample. Experimental details for SECM approach curves: working potential ET = 0.5 V, probe translation speed = 5 μm/s, step size = 2 μm, 2.5 mM FcMeOH in 100 mM PBS (pH 7.4). 
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Figure 5. Fluorescence images of co-live/dead staining of SYTO 9/PI and biomass biofilm staining with CV. One-day-old biofilm was treated for one day with 1 µg/mL AgNO3, which was synthesized with PVP-capped AgNPs in EG. (a) SYTO 9, (b) PI, (c) overlap of SYTO 9/PI, and (d) CV staining of non-treated sample. (e) SYTO 9, (f) PI, (g) overlap of SYTO 9/PI, and (h) CV staining of a treated sample after one-day incubation of one-day-old E. coli biofilm in AgNPs. (i) Mean intensity ± standard deviation of the live/dead fluorescence image intensity was obtained from ImageJ for the non-treated and treated E. coli biofilm. (j) Mean intensity ± standard deviation of the intensity of CV fluorescence images was obtained from ImageJ for the non-treated and treated biofilm. (k) Changes in intensity of the treated sample compared to the non-treated sample. 
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Figure 6. Soft-Probe-SECM approach curves of detection of the effect of flashlight on E. coli biofilm on the coverslip: treating one-day-old E. coli biofilm with (a) 550 V, 1 shot, (b) 550 V, 3 shots, and (c) 550 V, 5 shots of the flashlight. (d) Mean ± standard deviation of SECM approach curves. Experimental details for approach curve SECM scans: working potential ET = 0.5 V, probe translation speed = 5 μm/s, step size = 2 μm, 2.5 mM FcMeOH in 100 mM PBS (pH 7.4). 
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Figure 7. Fluorescence images of co-live/dead staining of SYTO 9/PI. (a) Non-treated sample. One-day-old biofilm was treated with flashlight in 550 V with one (b), three (c), and five shots (d). (i) SYTO 9 staining, (ii) PI staining, and (iii) co SYTO 9/PI staining. (e) Mean intensity ± standard deviation of the live/dead fluorescence image intensity was obtained from ImageJ for the non-treated and treated E. coli biofilm. 
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