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SI-1 Growth curve experiment for wild type Pseudomonas aeruginosa PAOI and

Calibration curve of XTT assay
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Figure S-1: Calibration curve of XTT assay

SI-2 Construction of the customized flow cell

A customized parallel plate electrochemical flow-cell was constructed and the details
of preparation steps are explained as follows: (1) The reference electrode terminal was
attached to the counter electrode terminal by a crocodile clip; (2) the working electrode
terminal was connected to a thin aluminum foil (1.5 pum) via a copper stick; (3) an indium
tin oxide (ITO)-covered electrically conductive glass slide was wired to a potentiostat
instead of a regular cover-glass using a platinum foil; and (4) the carbon or graphite at the
bottom of the flow chamber was used as working electrode. The constant voltage was
applied with a potentiostat (Prinston Applied Research), and then the resulting electric
current was monitored via the affiliated computer program (ECHEM). The voltage was
also recorded by a data-logger (EXTech Instruments). Additionally, the working
electrode for biofilm growth study was connected with a thin aluminum foil as a current
collector. The conductive side of ITO slide was adjusted to a 0.5 um thick platinum frame
at its edges in order to distribute the electrical potential as much uniformly as possible

throughout the entire flow-channel.
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SI-3 Determination of working and counter electrode's voltage window

The range of voltages applied to the electrodes (voltage window) is an important
parameter in the flow cell experiments. In general, a potential range should be selected
where current does not change abruptly with applied potential. In this research, the
effective voltage window of the different working and counter electrodes were studied by
cyclic voltammetry (CV) using Princeton 273a potentiostat. A three-electrode
configuration consisting of PA, CA and ITO coated glass as working electrodes and Pt
wire and Hg/Hg,Cl, (KCI sat'd) as counter and reference electrodes, respectively, was
used for all the CV measurements using an electrochemical cell (Metrohm Autolab). The
solution was the same as used in the flow cell experiments, namely, 10% LB medium
supplemented with 0.1 M Na,SO,. Cyclic voltammograms (Figures S-2 A and B) were
recorded in the potential range of -2.0 V to +2.0 V at a scan rate of 5 mV/s. The initial
and final potential was kept constant at 0.1 V (close to OCP).

In the flow cell experiments, different voltages were applied between the counter (ITO)
electrode and the working (PA or CA) electrodes at the voltage range +0.9V to -0.9 V.
This corresponds to a voltage window of -70mV to +250mV while at the same time that
for ITO was between -550mV and +350 mV (all values are vs. Hg/Hg,Cl,, KCl sat’d).
As depicted in Figures S-2A and S2-B by the dashed bars, these windows are well within
the range where Faradic reactions (such as water electrolysis) can be considered
insignificant. These ranges correspond to a maximum voltage window of -0.9V to +0.9V
between the working (PA or CA) and the counter (ITO) electrodes. As depicted in Figure
S-2A by the dashed bar, this window is well within the range were Faradic reactions

(such as water electrolysis) can be considered insignificant.
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Figure S-2: Cyclic voltammograms at a scan rate of 5 mV/sec using 10% LB medium
supplemented with 0.1 M Na,SO, as an electrolyte. A) Working electrodes- Carbon
aerogel and Papyex graphite. B) ITO coated glass slide. The dashed bar in Figure A
shows the voltage range, in terms of working electrode vs. reference electrode,

corresponding to the voltage range applied in the flow cell experiments.

SI-4 Scheme of flow cell set-up
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Figure S-3: Schematic of flow cell set-up

SI-5 Zeta potential measurements for carbon electrodes
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As it is shown in Figure S-4, there was not any significant difference between the zeta
potentials of monoliths versus electrodes. Accordingly, the results demonstrated that at
pH above 7, zeta potentials of graphite and carbon aerogel variants diverge, which could
be attributed to the pKa values of different chemical functional groups, such as

carboxylic and carbonyl group on two different surfaces.
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Figure S-4. Zeta potentials of carbon aerogel and graphite vs. pH titrations. All samples
were measured in an electrolyte of 0.001 M NaCl and titrated with 0.I1M HCl or 0.1 M

NaOH. The error bars represent one standard error of at least eight readings
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92  SI-6 Roughness and topography of the carbon surfaces
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94  Figure S-5: AFM visualization of carbon aerogel, CA (A) and graphite paper, PA (B) at

95 g resolution of 1 um*. The z-scale is depicted on the right to each frame and covers a

96  broader range in graphite.

.8 pm

97  Figure S- 6: 3D visualization of carbon aerogel, CA- A; and graphite, PA- B: at a
98  resolution of 5 um’. In graphite, the range of the z-scale is four times the range in carbon

99  aerogel.
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SI-7 Investigating the interaction between the produced formazan salt dye with

carbon particles

In order to prove the lack of any interaction between the produced formazan salt dye with
carbon particles, formazan salt containing solution was collected after 2 h incubation in a
multiplate reader instrument with XTT reagent and bacterial suspension. After
centrifugation, the supernatant was divided in to halves of 50 uL and 50 pL. Then DDW
was added in one Eppendorf tube while 50 pL carbon particles suspended solution was
added to the other one. It is worth mentioning that the experiment was done in dark room
to avoid photo bleaching. The absorbance measurements were carried out after keeping
both Eppendorf micro-centrifuge tubes stationary for two hours. The results did not show
any of significant difference in absorbance intensity (=0.6). Hence, this experiment

indicated no interaction of produced formazan salt dye with carbon particles.
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114  SI-8 IMARIS 3-D reconstruction images from CLSM analysis for qualitative

115  analysis of the biofilm morphology.
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Figure S-7: IMARIS 3-D images: The left and right columns present the exemplary
images from scans of carbon aerogel (Ca) and Papyex graphite (Pa), respectively.
The red, green, and blue clusters indicate dead cells, live cells, and EPS on electrode,
respectively. The orange and violet colour indicate overlapping zones of live and
dead cells, as well as dead cells and EPS, respectively. Figures are perspective

images 600 um % 600 um in size.
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SI-9 Effect of an electric field on the thickness of biofilm on carbon electrodes
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Figure S-8: The average thickness value at A: CA and B: PA in flow cell experiment

using 10% LB (Luria-Bertani) medium after 36 hours. Each error bar represents one

standard error.

S10




142

143

144

145

146

147

148

149

150

151

152
153
154
155

156

157

SI-10 Effect of an electric field on EPS formation on a carbon electrode

>
g
w

| [ Carbon aerogel [ Carbon aerogel
35k [__]Papyex graphite l 20}k [ ]Papyex graphite
A 1T
€ 30} 5
Z S
@ 25L 5
0
s | :
g 0} 2
=N g
g 15 =
c 5
o 10 %
>
< L
5
0 1
-09 -06 -03 ocp 03 06 09 -09 -06 -03 ocP 03 06 09
Applied Voltage (V) Applied Voltage (V)

Figure S-9: A: Average thickness value and B: Roughness coefficient of EPS at different
carbon electrode in flow cell experiment using 10% LB (Luria-Bertani) medium; each
error bar represents one standard error. 0 V implied open circuit condition (without any

external applied potential).
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158  SI-11 Analysis of intracellular ROS using DHR assay and observed in IMARIS
159  visualizations of the CLSM results
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161  Figure S-10: IMARIS 3-D images: Analysis of intracellular ROS using DHR assay. The
162 left and right columns present the exemplary images from scans of carbon aerogel (CA)
163 and Papyex graphite (PA), respectively, polarized at different magnitude of applied

164  potential. The red cluster indicated DHR stained bacterial cell on electrode. Figures are
165  perspective images 600 um x 600 um in size.

166

167

S12



168
169

170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191

SI-12 Effect of external dosage of hydrogen peroxide on biofilm formation at OCP

condition

In order to provide a quantitative measure for the effect of peroxide on biofilm
formation in this study, additional experiments were carried out to confirm the influence
of external dosage of HP on biofilm formation at open circuit mode as it is described in
this section.

Two different concentrations were supplemented to the flow cell during generation of
biofilm on the carbon electrode: 2uM and 20 uM HP (a 10 fold higher in order to
evaluate the effect of external HP dosing) at open circuit mode. The effect of external HP
dosing at open circuit mode was carried out by providing diluted HP from external source.
The generated biomass was now compared with biomass generated without H,O, dosing
at OCP. The biovolume generated without HP and with 2uM was almost similar while
using 20 uM HP (Figure S-11 A & B), the biovolume for both dead and live cell was
slightly lower. This might be due to damage of seed bacteria adsorb on the electrode
surface. Similar trend was noticed for both Papyex graphite and carbon aerogel. EPS
production increased with increasing dosing of HP suggesting retaliation of biofilm to
negate the harmful effect of HP (Figure S-12). This part of the study indicated
insignificant effect of HP on biofilm formation when its concentration is lower, which
may relate to diffusion limitation in the flow cell. While this experiment was carried out
intending to simulate the situation on the electrode under the influence of external electric
field, this situation is different from the HP generation on the polarized electrode. At
cathodically polarized condition, HP instantly generated on the surface of electrode (Eapp
> 0.5 V) and it may cause impairment of bacterial cell adsorbed on the surface of the

working electrode due to the intimate proximity of the bacterial cell and the source of HP.
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195  A: CA and B: PA; Each error bar represents one standard error. The X axis represents

196  different concentration of H,O, supplemented in flow cell.
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Figure S-12: Biovolumes of EPS generated on different carbon electrodes after 36 hour
of flow cell experiment using 10% LB (Luria-Bertani) medium. Each error bar represents
one standard error. The X axis represents different concentration of H,O, supplemented

in flow cell.

SI-13 Effect of electric field on production of hydrogen peroxide

In order to confirm the generation of HP, under the studied conditions, the Amplex red
HP assay was used. A Standard curve for HP quantification using Amplex red® HP assay
was provided in S-13. It should be mentioned that the online measurement of HP
generation in a continuous flow cell containing bacteria is challenging, because solution
collected from the outlet for HP measurement needed filtration to separate detached cells
or unwanted clump. In order to resolve these challenges and collecting more accurate
data of the electrochemical HP generation, electrodes were polarized without bacterial
inoculation while flow cell was kept in batch mode. The batch mode was opted to avoid

the possible ‘washout’ of HP in continuous mode flow cell experiment. This method’s
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implementation could avoid the complication associated with biological matter during the

HP measurements.
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Figure S-13 Standard curve for HP quantification using Amplex red® HP assay
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Figure S-14: Chronoamperometric profile of both carbon aerogel and Papyex at
cathodically (A) and anodically (B) polarized condition at the flow cell.

The current density recorded during chronoamperometry can be correlated to H,O,
production at different applied voltages. The current density in the very low range of
0.002-0.0001 mA/cm? suggested inadequate H,O, generation under the influence of
different magnitude of applied potential (Figure S-14).

Theoretical generation of hydrogen peroxide along the electrode surface.

We estimated the maximum amount of electrochemically generated HP, along the
electrode surface based on the current generated at different magnitudes of applied
voltage. The maximum theoretical HP concentration was calculated using equation SI-1
assuming 100% Faradic current efficiency (CE) utilized for HP generation and constant

current during chronoamperometry.

) CEjidt

C = Eq. SI-1
1:0: = UFV 100 a

where Cy.0. represents H,O, concentration along the electrode surface (in M) and V is the
volume of the electrolyte solution inside the flow cell (in L). n is the number of electrons
involved in oxygen reduction reaction to H,O, (2) and F is Faraday constant (96500 C
mol” e-) (Peralta et al., 2013). Current efficiency (CE) can be defined as the ratio of the
electricity consumed by the electrode reaction of interest over the total electricity passed
through the circuit (Qiang et al., 2002). The current density values were deduced from the
previous experiment of the batch mode HP generation (Figure S-14). Considering 100%

faradic efficiency (i.e., all the electrons are assumed to be utilized for H,O, production),
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the current density and H,O, production on the two different carbon electrodes iare

provided in Figure S-15.
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Figure S-15: The theoretical concentration of H,O, (uM) generated on CA and PA

carbon electrodes

Assuming 100% Faradic current efficiency, maximum values of 18and 12 uM HP could
be generated along the carbon aerogel and Papyex graphite electrodes, respectively
(Figure S-15), while using Amplex red HP assay, a maximum of 2.4 uM of HP was
detected. The possible reason for obtaining lower HP concentration during Amplex red
HP assay may be due to following reasons: 1) instant decomposition of HP; ii) the span
of the electrochemically generated HP is short due to instantaneous oxidation of the LB

medium.
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In addition, lower concentration of HP may evolve due to physicochemical factors that
affect electro- reduction of oxygen. Among them are pH of electrolyte solution, dissolved
oxygen concentration and catalytic property of electrode (Sanchez-Sanchez and Bard,

2009; Ramaswamy and Mukerjee, 2012 ).

0,+2H" +2e- — H,0,,E°=0.440 V vs. SCE Eq. SI-2

It was reported that

pH 3 was reported as optimal for the production of hydrogen peroxide (Peralta et al.,
2013)). According to Equation SI-2 indicates that high proton concentration favour the
production and accumulation of HP. The nearly neutral pH of the LB media in this study

was unfavorable for significant amount of HP production.

Figure S-16 shows that the electro-catalytic activity of the carbon aerogel and graphite
electrodes is poor at neutral pH. No reduction peak for hydrogen peroxide was detected
after adjusting the solution to pH 3 (Figure S-16). Probably, this is the reason why
researchers used noble metals (according to volcano plot or surface-modified carbon
electrodes for electro-reduction of oxygen for efficient HP production (Jiao et al., 2015).
Peralta et al. found a distinct peak at -1.0V (vs. Ag/AgCl) for H,O, from O, electro-
reduction using cyclic voltammetry (Peralta et al., 2013). Whereas, in this study, we

didn’t observe similar phenomenon.
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Figure S§-16: Cyclic voltammograms at a scan rate of 5 mV/sec using 0.1 M 0.1 M
Na2S804 as an electrolyte at pH 3. A) Working electrodes- Carbon aerogel and B)

Papyex graphite.

The maximum windows potential range (with respect to saturated calomel electrode) of
the present experiment was also not thermodynamically conducive for HP generation
(Figure S-2). The maximum cathodic potential with respect to saturated calomel electrode
was found around -0.1 to -0.15 mV (Figure S-2). Under this conditions only limited
amount of HP generation is expected. Therefore, it can be inferred that all the

physicochemical conditions are adverse to HP generation.

There are additional reasons, which support the notion that HP effect on the viability of

the cells in this study, even at the high calculated magnitude (Figure S-15), is negligible:
(1) Catalase (KatA) activity was detected at 50 mM of HP and protected the biofilm cells
(Elkins et al., 1999; Stewart et al., 2000) and (i1) relatively high concentration of 44 mM

was required to decrease PAO1 biofilm formation (Plyuta et al., 2013).

Hence, we conclude that HP generation during the cathodic reduction is sub-inhibitory
for biofilm formation. It is noteworthy that bacterial cell viability also reduced when
working electrodes were anodically polarized and an elevated intracellular ROS was
detected with increase in the magnitude of applied potential. Therefore, the intracellular
ROS generation towing to the applied electrode potential is the main cause for the non-

viability of the bacterial biofilm cells.
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