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[image: ]Abstract: Some strains of Pseudomonas fluorescens generate a blue extracellular product conferring high resistance to oxidative stress with respect to white mutants. As conventional methods fail to discriminate among blue and white microorganisms, the mechanism of H2O2 scavenging activity of colored P. fluorescens was here investigated by an electrochemical approach coupled to nanotechnology. Hydrophilic pyoverdine, the most represented siderophore, was studied as possible electro-catalytic partner of the hydrophobic blue bacterial extract. Peculiar iron oxide nanoparticles were used as a support for the siderophore immobilization, mimicking a water soluble FeIII-siderophore complex. Interestingly, even if these two counterparts are not redox active when used alone, the siderophore was able to trigger the crude colored bacterial extract into a selective catalyst for hydrogen peroxide elimination. The present study, besides shedding light into the bacterial mechanisms behind the tolerance to H2O2, highlights the advantages of using nanotechnology as complement of classical electrochemical methods aimed at addressing complex biological issues.
Pseudomonas is a genus gathering aerobic gram-positive bacteria producing a variety of pigments and extra-cellular molecules including metal chelating siderophores, which promote iron recognition and internalization.[1] Some strains of P. fluorescens produce a characteristic blue pigment,[2] and, recently, we demonstrated that, conversely to white mutants, blue colored P. fluorescens strains present high resistance to oxidative stress induced by hydrogen peroxide.[3] This result suggests that the biosynthesis of a blue pigment can be at the core of the observed oxidative stress tolerance, as previously proposed for Erwinia chrysanthemi.[4]
The chemical nature of the pigment behind the blue discoloration has spurred an intense debate over the last years,[3, 5] hence its identification remains an open task. Nevertheless, the molecule conferring the blue color is part of the complex extracellular heritage of P. fluorescens. In this view, the tolerance to oxidative stress likely involves more than one single molecular component. Indeed, electron shuttling among different extracellular redox-active organic molecules is considered a general mechanism employed by bacteria to cope with a large variety of biological issues.[6] Thus, in order to preserve the blue discoloration molecular context, the crude colored extract was not subjected to any purification process. Henceforward, this blue extract isolated from P. fluorescens was named, for simplicity, extracellular blue pigment (EBP). With this awareness, besides studying the redox properties of pristine hydrophobic EBP, the possible involvement of hydrophilic pyoverdine as electro-catalytic partner was also considered. In addition, the proposed approach provides a demonstration of the ability of the blue pigment at participating at redox processes even in the presence of possible interferents.

Figure 1. Structures and electrostatic potential of indigo, pyoverdine and FeIII-pyoverdine complex. The optimized structures of indigo (a, left) (Method: RHF/6-31G*, neutral, gas phase; coordinate file is reported in Table S2), pyoverdine (b, left) (Method: RHF/PM6, neutral, gas phase; Table S3), and the pyoverdine-FeIII complex (c, left) (Method: UHF/PM6, charge = -1, doublet, gas phase; Table S4). The electrostatic potential mapped surfaces of indigo, pyoverdine and the FeIII-pyoverdine complex are drawn on the right.

[image: ]Literature suggested that indigo or indigo-like molecules could be responsible of the blue discoloration of P. fluorescens.[7] This hypothesis is also corroborated by studies on the antioxidant properties of indigo isolated from plants.[8] Moreover, Caputo and colleagues suggested the presence of an uncolored parental compound of indigoidine (leuco-indigoidine) in P. fluorescens,[9] which could be involved in the blue pigment production. More recently, blue coloration in P. fluorescens was attributed to the presence of an indigo derivative (Figure 1 a).[5] For these reasons, indigo was used in the present study as reference compound (Figure 1 a). Herein, electrochemistry, was used in combination with the advantages offered by novel biomolecule-nanomaterial hybrids.[10]
Figure 2. Characterization of the SAMN@pyoverdine complex. a), b) TEM micrograph. The inset in a) shows the pattern (SAED) consistent with crystalline phase of -Fe2O3 nanoparticles. c) Dynamic light scattering analysis of SAMN@pyoverdine and statistical fitting according to the LogNorm function (plain red-line). d) ESR spectra of diluted solutions of neat SAMN (red line) and SAMN@pyoverdine (blue line) recorded at T = 120 K in water/glycerol matrix. Experimental conditions: (red line) 9.148 GHz frequency, 100 kHz modulation frequency, 0.7 mT modulation width, 0.4 mW microwave power, 8 min sweep time and 0.3 s time constant. (blue line) 9.155 GHz frequency, 100 kHz modulation frequency, 0.7 mT modulation width, 0.4 mW microwave power, 15 min sweep time and 0.03 s time constant.

Preliminarily, the antioxidant properties of the extracellular material from uncolored and blue colored mutants of Ps_77 strains of P. fluorescens, were compared by two common methods: the radical scavenging capacity assay (ABTS) and the ferric reducing antioxidant potential (FRAP), using in both cases Trolox as reference substance. As shown in Table S5, the antioxidant activities of uncolored and blue bacterial strains, normalized with respect to the number of bacterial cells, were comparable. This result is in clear contrast with the higher tolerance to H2O2 of blue colored mutants of P. fluorescens.[3] Possibly, conventional methods are not able to cope with the heterogeneity of biological systems containing both hydrophobic and hydrophilic components. Thus, the dry extracellular blue pigment (EBP) from P. fluorescens cultures was incorporated into a carbon paste electrode and its electrochemical behavior was studied in the presence of hydrophilic pyoverdine, as a possible electro-catalytic partner. For this purpose, the chelating properties of pyoverdine (Figure 1 b) were applied for the preparation of a complex by direct conjugation to peculiar naked iron oxide nanoparticles (called Surface Active Maghemite Nanoparticles, SAMNs). 
[bookmark: _Hlk2764761]Immobilized pyoverdine on SAMNs, acting as non-interfering nano-sized support, mimicked a water soluble FeIII-siderophore complex (Figure 1 c) and this probe (SAMN@pyoverdine) was applied to investigate the interplay between the hydrophilic siderophore and the hydrophobic EBP by an electrochemical approach. In this view, SAMNs were already exploited to unveil the electron transfer properties of DNA.[11] An extensive characterization of SAMN@pyoverdine complex is presented in Supporting Information and in Figure 2.
Electrochemical impedance spectroscopy (EIS) was used for probing the electron transfer properties of modified CPEs.[12] In the presented Nyquist plots (see Figure 3), the larger is the electron transfer resistance (Rct) value, the less is the proclivity of the electrode surface for electron transfer and the worse the aptitude of the examined compound (or compound combination) to participate at redox reactions. The self-consistency of electrochemical impedance data were confirmed by Kramers‒Kronig transformations (see Supplementary Information and Figure S3). It should be pointed out that SAMN@pyoverdine displays a scarce ability to participate at the electron transfer process as evidenced by a 65 % increase of the Rct values with respect to electrodes modified with bare SAMNs (see Figure 3).[13] 
At the same time, the incorporation of EPB in a SAMN modified electrode did not alter the electrochemical properties of the system. Conversely, the simultaneous presence of EPB and SAMN@pyoverdine led to a significant fourfold decrease of the Rct value, indicating that the crude blue extract acted as an efficient charge transfer mediator in combination with the siderophore, (Figure 4 a and Figure 3 b; see Table S6).
For comparison, commercial indigo was studied under the same conditions. The introduction of indigo within the electrode carbon matrix drastically affected the electrocatalytic performances of SAMNs as substantiated by the comparison of the Nyquist diagrams (see Figure 3). 
Indeed, the combination of indigo and SAMNs displayed the largest charge transfer resistance with respect to all other modified electrodes (see also Supporting Information): the pigment turned the carbon electrode into an unfavourable environment for SAMNs, hindering electron transfer routes between the nanoparticles and the CP matrix. Indigo led also to an increase of the charge transfer resistance of the pristine carbon paste matrix (17 % increase of the Rct value with respect to neat CP), suggesting an insulating behavior of the pigment. Thus, the electron transfer behavior of indigo was reconsidered in the presence of FeIII-pyoverdine (see Table S6). Noteworthy, the concomitant present of FeIII-pyoverdine and indigo in the CP matrix induced an outstanding one order of magnitude decrease of the Rct value from 10628.3 Ω down to 1161 Ω. Thus, in contrast with their apparent insulating behavior when applied separately, the indigo-pyoverdine couple displayed good electron transfer properties. Most importantly, Nyquist plots acquired with electrodes modified with EBP and indigo in the presence of FeIII-pyoverdine resulted superimposable and showed the lowest Rct values recorded in the present study, indicating an analogue enhanced electron transfer proclivity (Figure 4 c and Table S6), and suggesting a role of the siderophore in triggering the redox [image: ]properties of EBP.  
Figure 3. Charge transfer resistance evaluation by EIS. a) Nyquist plots of unmodified (black) and modified electrodes with indigo (red), SAMNs (green), SAMNs and indigo (blue), SAMN@pyoverdine (gray) and SAMN@pyoverdine and indigo (yellow). All measurements were performed in 0.1 mol L-1 KCl containing 5 mmol L-1 [Fe(CN)6]3-/4- redox probe at an applied frequency range from 0.1 Hz to 100 kHz. AC amplitude of 5 mV was applied. The inset shows the Randles equivalent circuit of the data fitting. b) Values of charge transfer resistance (Rct), acquired by electrochemical impedance spectroscopy of electrodes modified with indigo, pyoverdine, EBP and SAMNs. Values were calculated from the Niquist plots reported in Figure 3 a. All measurements were performed in triplicate in 0.1 mol L-1 KCl solution in the presence of 5 mmol L-1 [Fe(CN)6]3-/4- redox probe. For the proper data fitting, including both diffusion and mass transport processes, it is necessary to include the solution resistance (Rs) and the double layer capacity (Cdl) (see Table S6).

Furthermore, these results corroborate the hypothesis about the indigo-like nature of the colored component of P. fluorescens extracts.
Cyclic voltammetry was applied for gathering insights on the reversibility of electron transfer.[14] Results obtained by EIS were substantiated by well-defined cyclic voltammograms of the EBP and SAMN@pyoverdine system in the presence of the [Fe(CN)6]3-/4- couple (Figure S8 a and b), characteristic of diffusion-limited redox processes. Similarly, well defined voltammograms, in the presence of the [Fe(CN)6]3-/4- redox couple, characteristic of diffusion-limited redox processes, were observed for the indigo-pyoverdine system (Figure S8). In both cases, the current response and the peak-to-peak potential indicate the good reversibility of the electrochemical reactions, comparable to the values acquired with unmodified electrodes and CPE containing bare SAMNs. It should be mentioned that fully in harmony with EIS measurements, the insulating behavior of commercial indigo was reflected by the increasing of the irreversibility of the redox waves of the [Fe(CN)6]3-/4- couple, as witnessed by the drastic increase of ΔEpp. Therefore, cyclic voltammetry confirmed the electrochemical synergy of the FeIII-pyoverdine-EBP system as well as FeIII-pyoverdine-indigo, used as control.

[bookmark: _Hlk507763274][image: ]Figure 4. Comparison of EBP and commercial indigo by EIS in the presence of pyoverdine and the scavenging activity of the EBP-pyoverdine combination. Nyquist plots of modified electrodes. a) Unmodified electrodes (blue) and electrodes modified with EBP (red) and SAMN@pyoverdine and EBP (green). b) Plate culture of Pseudomonas fluorescens. c) Electrodes modified with SAMN@pyoverdine and indigo (red) and SAMN@pyoverdine and EBP (blue). All measurements were performed in 0.1 mol L-1 KCl containing 5 mmol L-1 [Fe(CN)6]3-/4- redox probe at an applied frequency range from 0.1 Hz to 100 kHz. AC amplitude of 5 mV was applied. d) Cyclic voltammograms of electrodes modified with EBP isolated from Pseudomonas fluorescens cultures, in the absence (blue lines) and in the presence (green lines) of SAMN@pyoverdine, following the addition of hydrogen peroxide (solid lines). All experiments were performed in potassium phosphate buffer (100 mmol L-1, pH 7.0), containing 0.1 mol L‒1 KCl as supporting electrolyte, at the scan rate of 20 mV s‒1. Hydrogen peroxide was added at 3 mmol L-1 final concentration.

Most importantly, the electrocatalytic behavior of the combination of EBP and FeIII-pyoverdine was tested on hydrogen peroxide as electroactive species by cyclic voltammetry (Figure 4 d). Noteworthy, the introduction of the sole EBP in the electrode did not lead to any response following the addition of hydrogen peroxide. Conversely, the combination of EBP and FeIII-pyoverdine produced a significant increase of the H2O2 electro-reduction current indicating that the electrocatalytic properties of the crude extract were triggered by the presence of the siderophore. Interestingly, commercial indigo, as in the case of EBP, responded to hydrogen peroxide only in the presence of FeIII-pyoverdine. The indigo-FeIII-pyoverdine system showed, with respect to SAMNs/CPE, a significantly higher capacitive current at 0.0 V vs. SCE, and an increased cathodic current at negative potentials (Figure S9). The observed enhancement of the capacitive current was already observed in electrodes modified with ionic liquids, known to improve the electrode performances.[15]
Finally, the electrocatalysis at electrodes modified with EBP and FeIII-pyoverdine was tested by chronoamperometry (CA) in the presence of H2O2 (see Tables S7 and S8). Results witnessed the high electro-catalytic specificity of both the EBP-pyoverdine and indigo-pyoverdine systems toward the H2O2 electro-reduction at an applied potential close to zero (see Tables S7 and S8). It is important to note that the sole EBP, in the absence of the siderophore, severely affected the electrocatalytic activity of the system. This can be appreciated considering the significant decrease of the electrode sensitivity at potential close to zero (-0.1 V vs. Ag/AgCl), which resulted about 70.0 % lower than SAMN/CPE (see Table S8). As a further control, cyclic voltammetry was applied to test the electrocatalytic properties of the indigo-pyoverdine system on two other common electroactive substances in biological systems, namely NADH and the hydroquinone/benzoquinone redox couple (HQ/BQ).[16] The electrocatalytic behavior of CP electrodes modified with indigo-pyoverdine towards these compounds was absent or very scarce (Figure S7 for the behavior in the presence of the HQ/BQ redox couple). Noteworthy, the bacterial blue pigment (as well as commercial indigo used as reference) and FeIII-pyoverdine emerged as a singular case of virtuous molecular redox couple. The specificity of pyoverdine in triggering the electrocatalytic properties of indigo was demonstrated by comparing the effect of a set of organic chelating ligands (CLs) showing π-electron delocalization and known binding proclivity for SAMNs, namely, curcumin, citrinin and oxytetracycline (see Supplementary data). The triggering effect on the redox activity of the pigment was specific for SAMN@pyoverdine, and absent with all the other tested SAMN@CLs and (Table S1). 
In conclusion, the mere presence of the hydrophobic blue extract does not determine the scavenging activity of Pseudomonas fluorescens toward hydrogen peroxide whereas its combination with the hydrophilic pyoverdine leads to unexpected redox properties. Most importantly, the proposed methodological advance, coupling a classical electrochemical approach to nanotechnology, can be extended to the study of other extracellular molecular combinations to unveil hidden electron transfer routes. 
Experimental Section
Detailed information on experimental procedures, preparation and characterization of the FeIII-pyoverdine complex, morphological and electrochemical characterization of the electrode, electrochemical impedance spectroscopy (EIS) and Kramers‒Kronig transformations, electrochemical characterization of the SAMN@pyoverdine complex and comparison with other SAMN@CL complexes can be found in the Supporting Information.
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Pyoverdine, the most represented hydrophilic siderophore of Pseudomonas fluorescens, was immobilized on peculiar iron oxide nanoparticles and investigated as electro-catalytic partner of a hydrophobic blue bacterial pigment. Their combination resulted in a selective H2O2 scavenger. Nanotechnology coupled to classic electrochemistry was applied to study a hidden redox mechanism.
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