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ABSTRACT:

Biofilm monitoring in environmental and biomedical applications remains a challenge.
Conventional biochemical methods do not yet provide a quick quantitative measure of
attached biomass. Thus, there is a need for rapid in situ detection tools for routine biofilm
characterization. Electrochemical impedance spectroscopy (EIS) characterizes the
electroactivity of bacteria within a biofilm and has been extensively used to monitor strong
electroactive biofilms. Yet, studies on weak electricigens such as Pseudomonas aeruginosa
remain underrepresented. Here, conductive indium tin oxide coated polyethylene
terephthalate (ITO:PET) sheets were used as flexible growth substrates instead of more
conventional carbonaceous or gold materials. EIS was compared with standard optical
methods for the detection of P. aeruginosa biofilms formed on ITO:PET under static growth

conditions. Relaxation time analysis showed a dominant time constant at approximately 1
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second and confirmed the validity of a two time constant equivalent circuit model for the
biofilm impedance. The interfacial resistance calculated from the equivalent circuit analysis
showed a rapid drop after bacterial attachment whereas capacitance of the biofilm was
masked by the capacitance of ITO:PET. The trends for interfacial resistance and capacitance
were independent to the geometry of the ITO:PET working electrode. Moreover, most robust
behaviour was observed for rectangular electrodes. EIS across a broad range of potentials
with and without inhibitors showed a marked difference between the interfacial resistance of
viable and energy inhibited biofilms. Moreover, EIS of exopolysaccharide Apsl mutant
showed a substantial drop in current. Overall, our results indicated that EIS enabled the
detection of biofilm formation across large surface areas as early as 24 hours for the weak

electroactive species P. aeruginosa using a flexible polymeric substrate.

Keywords: Biofilm; ITO:PET; Electrochemical impedance spectroscopy; Pseudomonas

aeruginosa
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1. Introduction

Biofilms are aggregates of microorganisms embedded in a self-produced biofilm matrix
consisting of polysaccharides, extracellular proteins, and DNA fragments collectively known
as extracellular polymeric substances (EPS) [1]. The EPS forms during the transition from
free-swimming cells to a microstructured community attached to a surface [2]. Furthermore,
biofilms harbour antimicrobial and antibiotic-resistant strains as well as physiologically
differentiated cells (e.g., persisters) that often cause hard to treat chronic infections [3].
Considering the challenges associated with biofilms, methods to monitor their growth and

development are needed.

Current biofilm monitoring strategies rely on optical techniques such as microscopy,
spectrophotometry, flow cytometry, and fluorescence in situ hybridization [4-7]. Although
these techniques provide information on bacterial concentration, biofilm microstructure, and
biofilm microbial ecology, they are time-consuming, expensive, and not suitable for rapid, in
situ biofilm detection over large surface areas. Recently, electrochemical impedance
spectroscopy (EIS) has been used to monitor biofilm development in situ [8-11]. The
technique has garnered attention due to the low-cost setup and the ability to quickly monitor
large surface areas pertinent to industrial and medical applications. Thorough analysis of EIS
results recorded at a range of frequencies and potentials provides information on the
extracellular electron transfer (EET) between the electrolyte and an electrode in the presence

of a biofilm interface. [12,13].

EET is typically measured for highly electroactive microorganisms such as Geobacter
sulfurreducens and Shewanella oneidensis, which give a strong signal through direct electron
transfer via transmembrane cytochromes and conductive pili or via secreted redox mediators

(e.g., flavins for S. oneidensis) [12,14-16]. Whereas, weak electroactive biofilms such as
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Pseudomonas aeruginosa undergo EET via redox probe (self-secreted or exogenous)[17].
Furthermore, EET in EIS specifically gives information on the charge/electron transfer,
capacitance and diffusion limitations. Charge transfer corresponds to the redox reactions at
the electrode-biofilm interface. Biofilm capacitance is primarily associated with the thickness
and the surface coverage of the biofilm attached [13,18,19]. Additionally, the electrode
properties such as porosity, surface roughness, surface area and atomic-scale heterogeneity
affect the capacitance measurement [13,20]. Moreover, mass diffusional characteristics of
charges from bulk to electrode specifically diffusion coefficient and diffusion length are

determined by diffusion element [21].

Most studies tend to investigate EIS behaviour on ideal, rigid substrates such as carbon,
platinum, and gold [19,22,23]. These substrates have large electrical conductivity and smooth
surfaces, which allows for better EIS characteristics and, and thus higher sensitivity for
biofilm monitoring compared to polymeric substrates. Yet for many applications, biofilms
may contaminate polymeric surfaces across large surface areas (> 200 mm?), which may
assume a number of different geometries. Polymeric substrates such as polyethylene
terephthalate (PET) are of particular interest due to their use in food packaging, bottling,
medical device packaging, and artificial implants [4,24,25]. PET’s conductive counterpart,
indium tin oxide coated PET (ITO:PET) has also been actively researched for applications in
biomedical devices and flexible optoelectronics [26,27]. These polymer films are prone to
contamination from biofilm-forming bacteria, which cause biofouling in packaging industries
[28] and pose serious risks in biomedical settings [29,30]. Few reports to date have utilised
EIS to study the adhesion of bacteria and biofilm formation on ITO-based substrates [31,32].
Additionally, these studies were performed on glass-based substrates and were limited to

initial bacterial adhesion.
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We extended our investigation in the present study to P. aeruginosa biofilm growth and
maturation over four days on large surface area (225 mm?) conductive ITO:PET substrates
using potassium ferricyanide as a redox probe [33,34]. Monitoring biofilm over large scale
(mm?-cm?) overcomes the local heterogeneity and the statistical issues encountered at smaller
areas (um?) [35]. Additionally, larger areas allow for the flexible substrate to be bent, curved,
or deformed to assume a number of different geometries. We thus investigated the influence
of shape and curvature of ITO:PET sheets on the impedance with and without biofilms. The
influence of bacterial viability and EPS exopolysaccharides on the biofilm impedance was
also investigated by inactivating with sodium azide and carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) and using EPS component deleted mutants, Apel and Apsl respectively.
This work presents a proof-of-concept for the rapid detection of a weak electroactive biofilm
in the presence of an exogenous redox mediator, and lays out a framework of design

considerations for future large surface ITO:PET flexible biofilm sensors.
2. Materials and Methods
Materials

ITO:PET (Thickness = 125 pum, surface resistivity = 60 €/sq., Sigma Aldrich, Singapore)
sheets were used for all experiments. Coiled titanium wire and Ag/AgCI reference electrode
(in saturated potassium chloride (KCI)) were obtained from Sigma Aldrich, Singapore and
Latech scientific supply, Singapore, respectively. The chemicals used for bacterial growth
included Luria-Bertani (LB, Becton Dickinson and Company, Singapore), ammonium
sulphate ((NH4).SO4, Merck, Singapore), sodium phosphate, dibasic (Na,HPO,4, Calbiochem,
Singapore), potassium dihydrogen phosphate (KH,PO,4, Merck, Singapore), sodium chloride
(NaCl, Merck), magnesium chloride (MgCl,, Merck, Singapore), calcium chloride (CaCls,,

Merck, Singapore), iron (111) chloride (FeCls, Sigma Aldrich, Singapore), glucose (CgH120s,
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VWR chemicals, Singapore), sodium azide (NaNs, Sigma Aldrich, Singapore) and CCCP
(Sigma Aldrich, Singapore). Crystal violet (Sigma Aldrich, Singapore), absolute ethanol
(Merck, Singapore), Baclight live/dead stain (Invitrogen, Thermo-Fisher, Singapore) and

potassium ferricyanide (Sigma Aldrich, Singapore) were used for bacterial characterization.
ITO:PET geometry studies

The effect of geometry of ITO:PET was studied by varying the shape and aspect ratio of the
sheets keeping the total surface area constant. The samples studied were 15x15 mm square
sheet, 15x15 mm square sheet bent at the centre with ITO coating on the outer side, 20x11.25
mm rectangular sheet and 25x9 mm strip bent as a cylinder. Note that for the cylinder, an
extra 10 mm was added and stapled for connecting each end of the strip. However, this staple

was removed before any electrochemical measurements were conducted.
Bacterial strain and culture media

A non-mucoid wild type strain of P. aeruginosa, PAO1, (supplied by Dr. Celine Vidaillac,
SCELSE, NTU) was used in all the experiments. For EPS study, PAO1 mutants, PAO1 Apel
and PAO1 Apsl (supplied by Dr. Xinyi Zhu, SCELSE, NTU) were used. An overnight
culture was grown in 10 mL of LB broth for 17 h at 37°C and 200 rpm shaking. After growth,
the overnight culture was centrifuged at 6000 rpm for 5 min and re-suspended in 10 mL
ABTG medium which was prepared as previously reported without casamino acids and with
6.9 mM glucose as a main carbon source [36]. The same medium was used for biofilm

growth experiments.
Biofilm growth experiment

ITO:PET sheets of all geometries/curvatures were cut, UV-sterilized and cleaned with 70%
ethanol (v/v). For square and rectangle, the sheets were glued to the base of a petri dish with

silicone sealant (Selleys, Singapore). In case of bent-square, the sheets were glued to petri

6
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dishes using autoclave tape rolled as a cylinder whereas for cylinder, the stapled excess was
glued to the petri dish. ABTG medium (15 mL for square and rectangle; 25 mL for bent
square and cylinder) and PAOL1 overnight culture were further added to obtain an initial
optical density (at 600 nm wavelength) of 0.02. The difference in media volumes was to
allow the sheets to be completely submerged in the media. Each petri dish consisted of two
ITO:PET sheets. These dishes were incubated at 37°C and 50 rpm shaking for 24-96 hours
and the spent medium was replaced daily with fresh growth medium. At least three
independent technical replicate biofilms were washed in fresh medium and tested at every

time point (24, 48, 72, and 96 hours) to monitor the biofilm development.
Confocal Imaging of biofilms

Following biofilm growth for 24-96 hours, the square sheets were gently washed in fresh
ABTG medium and stained with 4 pL Baclight live/dead stain. The samples were imaged by
confocal laser scanning microscopy (Zeiss LSM 780 inverted microscope at 63x oil
resolution) at four separate locations for each independent biological replicate. The obtained
images were further quantified using COMSTAT 2 software (Technical University of

Denmark, Kongens Lyngby, Denmark) [37] to obtain the live and dead biomass.
Crystal violet assay

After 24-96 hours, the square sheets were stained with 0.1% (v/v) crystal violet solution and
washed with phosphate buffer saline (PBS) solution. 2 mL of absolute ethanol was added to
the cleaned samples and the absorbance at 550 nm was measured with a microplate reader

(TECAN M200, Switzerland).
Energy inhibitor treatment

Some of the biofilms grown for 72 hours on square sheets were further treated with sodium

azide (NaN3) and CCCP to inhibit energy production. For the NaNj study, the ABTG

7
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medium was replaced by 50 mM NaNj; dissolved in 20% (v/v) DI water in ABT (growth
medium without glucose) and incubated at 37°C and 50 rpm shaking for 4 hours. The control
biofilm samples were treated with 20% (v/v) DI water in ABT. For CCCP experiments, the
growth medium was replaced with 500 uM CCCP dissolved in 0.1% (v/v) DMSO and ABT.
The samples were then incubated at 37°C and 50 rpm shaking for 1 hour. For control
experiments, the 72 hours grown biofilm samples were treated with 0.1% DMSQO alone in
ABT. Post-treatment, the samples were washed in ABTG to remove planktonic and loosely
attached cells and electrochemical characterization was performed in ABTG as described

above.
Electrochemical analysis

All experiments were conducted using a VSP or VMP3 multi-channel potentiostat (Bio-logic,
France) in a three-electrode setup. ITO:PET sheets connected to a Pt sheet electrode holder
(Latech, Singapore) were used as the working electrodes. Coiled titanium wire and Ag/AgCl
were used as the auxiliary and reference electrodes respectively. During the electrochemical
analysis, the headspace of the electrochemical cells was continuously flushed with high
purity nitrogen gas to remove oxygen. The EIS analysis was carried out at open circuit
potential (OCP) using the EC-Lab software (Bio-logic, France) in 10 mL fresh ABTG
medium to keep the biofilm viable. The study was performed in the frequency range 100 kHz
to 30 mHz with sinusoidal potential of 10 mV amplitude. For staircase potential EIS (SPEIS),
a bias potential in the range to 50 mV to 500 mV was applied in addition to OCP in 50 mV
steps. Potassium ferricyanide was added as an exogenous redox mediator. Three
concentrations (1 mM, 5 mM and 10 mM) were studied and 5 mM was used as the optimum

concentration for all the experiments (see Supplementary information).
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The distribution function of relaxation time (DFRT) was analysed to determine the number of
time constant exhibited by the biofilm-electrolyte system, thus justifying further modelling
based on equivalent circuit methodology. The DFRT was extracted with impedance
spectroscopy evolutionary programming software [38,39]. Following the DFRT analysis, the
impedance data were fitted to an equivalent circuit model with the same number of time
constant identified through DFRT to determine the interfacial resistance and constant phase
element (CPE) for the biofilm/electrode interface using Z-Fit feature in the EC-lab software.

Effective capacitance (Cer) at interface was calculated using the Hsu-Mansfeld equation [40]

(QR) /e
R

Cefr =
Where,
Q=CPE (F S(“'l)), R = Charge transfer resistance (Q2), o = CPE coefficient

Statistical analysis

Statistical significance was analysed with one-way analysis of variance (ANOVA) followed
by Tukey post-hoc test. A significance value of 0.05 was used to determine statistical

significance. The statistics were calculated with respect to independent technical replicates

(N).
3. Results and Discussion
Monitoring biofilm growth with CLSM and crystal violet method

CLSM and crystal violet assay were used to visualize and validate the biofilm growth and
development on ITO:PET substrates at 24 hour intervals (Figure 1,2). After 24 hours growth

(Figure 1a) there were few cells attached to the surface of the ITO:PET because the cells
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were in the initial attachment stage. By 48 hours (Figure 1b), we observed a mix of individual
cells and microcolonies; the cells began to irreversibly attach to the surface and initiated
cluster formation. After 72 hours (Figure 1c) we obtained a mature biofilm, consistent with
previous observations [41]. Continued growth beyond 96 hours resulted in a highly variable

biofilm with a higher proportion of dead cells. (Figure 1d).

The biofilms formed were heterogeneous in structure as we observed variation of biomass at
different locations on the same sample. This heterogeneity was presented as a mixture of flat
and mushroom structures. Generally, mushroom structures form when glucose is the primary
carbon source [42]. The mixture of flat and mushroom structures observed here are typically
associated with biofilms grown on hydrophobic polymers [43]. Therefore, it was evident that

the ITO:PET substrate contributed to the biofilm structure in our system.

The biofilm was further studied through gquantitative analysis (Figure 2a) of the CSLM
images to determine the biomass. The biomass of live cells (Figure 2a) increased from 0.03 £
0.02 um®/um? at 24 hours to 0.75 + 0.07 pm®um? at 72 hours and then decreased to 0.36 +
0.12 pm*/um? after 96 hours. In contrast, the surface covered by the dead cells increased until
72 hours and stabilized at 96 hours. The biomass calculated from CSLM images correlated
well with the crystal violet assay results (Figure 2b) , which similarly showed an increasing

biomass up to 72 hours followed by decrease at 96 hours.
Effect of growth time on EIS analysis

Here, we used EIS to measure the complex impedance of the biofilm across a broad range of
frequencies in presence of 5 mM ferricyanide as we were unable to observe changes without
an exogenous mediator (Figure S1). P. aeruginosa primarily undergoes EET via mediated
electron transfer through secretion of redox-active mediators known as phenazines (e.g.,

pyocyanin) that are produced at various stages of biofilm development [44]. However,
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phenazines in our system were either washed away along with the planktonic cells in the
cleaning step or not sufficient to drive the EET as seen in figure S1. Therefore, ferricyanide
ions were added as a redox mediator to enhance the electron transfer rate towards the
electrode through ionic migration and conduction [45,46]. Alternatively, 2-hydroxy-1,4-
naphthoquinone (HNQ), a quinone derivative was also studied [47]. However, addition of
ferricyanide showed better EIS characteristics and was therefore used for subsequent
experiments (Figure S2). 5 mM was considered the optimal concentration of ferricyanide
after testing three concentrations on biofilms grown for 72 hours (Figure S3). These
concentrations were deemed safe as we were unable to observe any toxicity from 5 mM
ferricyanide on the biofilms (Figure S4). Thus, the subsequent experiments were conducted at

this concentration.

Figure 3 shows representative Nyquist and Bode plots of EIS measurements of biofilms
recorded every 24 hours to match the critical stages of the life cycle of the biofilm. The 0
hour curve in Figure 3 corresponds to blank ITO:PET electrode, i.e., an electrode without
bacterial inoculum. Representative EIS data plotted as a Nyquist plot (Figure 3a) showed a
depressed semicircle shape, which indicated non-ideal capacitance [20]. Both the real and

imaginary component of the impedance decreased with growth time of the biofilm.

Representative Bode-phase plots (Figure 3b) shows the phase angle with respect to
frequency. Here, the frequency regimes indicated the characteristic time of different
electrochemical effects. EIS at low frequencies (30 mHz to 3Hz) represent charge transfer
and double layer capacitance at the ITO:PET-electrolyte interface. In contrast, the features at
medium (3 Hz to 1 kHz) and high (1 kHz to 100 kHz) frequencies represent the charge
accumulation effects on the ITO:PET-electrode interface as seen in (Figure S5) and the
resistive behaviour of the electrolyte solution to the applied AC signal, respectively [48].
Figure 3b showed gradual increase in the phase angle at the lower frequency regime. In

11
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contrast, no appreciable changes in the impedance at either medium or high frequencies were
observed, which was expected as the biofilm growth does not influence the ionic
concentration in the system [20]. We noted that the phase angle never reached -90° in all
measurements, which suggested that large surface ITO:PET-electrolyte interfaces behaved as
a CPE [20]. This was in agreement with the depressed semi-circular feature observed in the

Nyquist plot.

To study the impedance components at each frequency, the DFRT of the ITO:PET-biofilm
system was calculated. Generally, DFRT curves comprise of distinct peaks that correspond to
the different electrochemical phenomena in the system [49]. The location and shape of the
peaks indicate the characteristic time of said phenomena. Figure 3c shows representative
DFRT plots for the various growth times. We observed two distinct peaks at approximately 1
s and 0.01 s. For the blank ITO:PET, the contribution of low frequency behaviour to the total
impedance was approximately 20 times larger than the medium frequency behaviour. The
area of the peaks at low relaxation time (0.01 s) did not change with the biofilm growth,
while the area under the peaks at 1 s decreased with biofilm growth and maturation. The large
difference between these two contributions indicated that the low frequency regime was

dominant, and therefore we focused our future analysis on the behaviour at these frequencies.

The changes in impedance at the low frequency region of the EIS plots observed in the DFRT
analysis were due to changes in: (i) charge transfer resistance (ii) diffusion related resistance
and (iii) double-layer capacitance [50]. The charge transfer resistance corresponded to the
charge exchange at the semiconductor-electrolyte interface to equilibrate the redox potential
of the ferricyanide and the Fermi energy of ITO, whereas diffusion related resistance is a
result of mass transport of ferricyanide to the electrode in order to reduce to ferrocyanide
[20,51]. ITO, an n-type degenerate semiconductor, formed a space charge layer in response to
EIS [52]. The accumulation of the majority charge carriers in the space charge region gave

12
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rise to the capacitance at the low frequency [53]. As CPE was used for the modelling,
capacitance was calculated using Hsu-Mansfeld equation. This equation was applicable for
our case because (i) CPE and resistance in were parallel in equivalent circuit, (ii) normal
distribution of time constant were observed in DFRT and (iii) CPE coefficient, o ranged
between 0.65 and 1 [13,54]. It is to be noted that the margin of error for capacitance

calculation were higher for values with a2 <0.7.

Since the DFRT analysis showed two distinct time constants, a Randles equivalent circuit
with two resistor-CPE circuits (Figure 3d) was chosen to represent the electrochemical
system, with one additional resistor in series to account for the resistance in the solution [55].
The data modelled using both series and nested parallel equivalent circuit showed similar
trend in the electrochemical behaviour (Figure S6). Despite this similarity, the subsequent
results were fit using the series circuit shown in figure 3d, which we believed that the
electrode-biofilm interface, electrode/biofilm-solution interface, and solution behaviour in
series as depicted in the normal distributions in DFRT plot was the best physical
representation of the system. Here, charge transfer and diffusion related effects, (from here on
known as interfacial resistance) at electrode-biofilm interface were combined to simplify the
circuit and apply Hsu-Mansfeld equation [20,40]. Moreover, as no change was observed at
the high and medium frequency in figure 3b, the following results describe the features of the

time constant at low frequency.

Figure 4 shows the interfacial resistance and effective capacitance from the fitted EIS results
with respect to the biofilm growth time. The interfacial resistance decreased substantially
compared to blank ITO:PET in the first 24 hours. This marked drop in interfacial resistance
indicated the potential to detect the initial attachment and formation of biofilms. Although no
significant difference was observed between 24 and 96 hours (Figure 4a), a decreasing trend
was evident. Additionally, there was an evident transition from a more variable decrease in
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interfacial resistance at 24 hours to a robust decrease at 96 hours (as seen from the scatter
plot), which suggested that the electrochemical signature of the biofilm was more repeatable
for more developed biofilms on the ITO:PET substrate. From these observations, we
hypothesized that the change in interfacial resistance was correlated to the interactions of
ferricyanide with bacteria attached to the electrode. In stark contrast to the interfacial
resistance, effective capacitance, extracted from CPE changed minimally with time (Figure
4b). No substantial change in capacitance was observed as the effect of the ITO was
dominant and masked the contribution from the biofilm. As a result, ITO:PET was insensitive

to the thickness of the biofilm after initial attachment.

In this work, we conducted a frequency sweep across a broad range in contrast to continuous
monitoring of P. aeruginosa biofilms at a single frequency since the dominant frequency
range of EIS behaviour on ITO:PET films has not been studied before [11,22,56]. Our results
identified 30 mHz to 3 Hz as the frequency range of interest and the interfacial resistance as

the primary marker for the detection of bacterial growth.

Mechanism of biofilm sensing

Although we observed a difference in the resistive parameters at the electrode-biofilm
interface after bacterial attachment, currently, there is limited knowledge of the P. aeruginosa
component that participates in the electrochemical interactions with ferricyanide. Both
intracellular, (e.g., Pseudomonas cytochrome c- 551 oxidase) [57,58] and extracellular
components (EPS) (e.g., polysaccharides, eDNA) [59] may have contributed to the EIS
behaviour observed, though the key mechanisms remain unknown despite being crucial for
understanding the EIS results. Therefore, we further investigated the role of intracellular and

extracellular components.
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To investigate the role of intracellular components, the biofilms were treated with energy
production inhibiting chemical reagents that render the biofilms metabolically inactive. Two
different types of energy inhibitors, sodium azide (NaN3) and CCCP were studied to account
for different energy production mechanisms. NaN3 is a respiration inhibiting biocide that
binds to the cytochrome oxidases in P. aeruginosa [22]. This binding ceases the energy
production via oxidative phosphorylation. CCCP is a proton motive force inhibitor that

blocks energy production in biofilms through disruption of the membrane potential [60].

EIS at OCP was measured for the NaN3; and CCCP treated samples and compared to the
behaviour of blank ITO:PET and their respective controls. The EIS results were fitted using
the same two time constant equivalent circuit previously shown (Figure 3d). We focused on
interfacial resistance effects as they were recognized as the biomarker for detection in our
previous results. Figure 5 shows the charge transfer behaviour for NaNs (Figure 5a) and
CCCP (Figure 5b) treated samples. We observed a change in the interfacial resistance
between non-colonized and colonized ITO:PET sheets in both instances. The NaNj3 treatment
showed minimal change compared to the control biofilm as seen in figure 5a. In contrast,
CCCP treatment significantly increased the interfacial resistance (Figure 5b). These
experiments indicated that there were several routes for interfacial electron transfer for P.
aeruginosa biofilms. However, further investigation beyond the scope of this report will be
needed to form a more complete understanding on the overall EET effects of biocides for P.

aeruginosa biofilms.

Potentiostatic EIS at different potential was used in addition to EIS at OCP to measure
faradaic current characteristics for viable biofilms and non-viable biofilms. The application of
electrochemical potential drives the EET to occur at a higher rate, and increases the current as
a result [32]. This helps differentiate the EET activity of viable and non-viable biofilms. The
current output (Figure 5c¢) showed that NaN3 treatment resulted in lower current output at any
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potential compared to the control (untreated biofilm), yet, had a slightly higher current output
than the blank electrode. For CCCP treatment (Figure 5d), the current output for the control
biofilm and treated biofilm followed a similar trend as NaNs treatment. The difference
between the treated sample and blank electrode, however, was insignificant. The variation in
the x-axis was due to changes in OCP which was dependent on the electrode surface, biofilm
growth, redox reaction kinetics, and the concentration of redox species at the interface
[61,62]. Considering the changes after the energy inhibitor treatment in the biofilms, our
results confirmed that treatment with inhibitory agents hindered the charge transfer capability

of the biofilm.

Extracellular components such as the EPS are another potential contributor to interfacial
resistance. To investigate the role of extracellular components, EIS analysis of P.aeruginosa
mutants with deletion of either pel or psl exopolysaccharide was conducted. Figure 6a shows
no change in the interfacial resistance of WT, Apel, and Apsl strains. Bacterial attachment and
biofilm development has been shown to happen in the absence of either pel or psl, , which is
consistent with the similar interfacial resistance observed in the WT and the two mutants
[63] Here, phase of biofilm development may vary for the three strains considering the
similar EIS signature between the initial attachment and the mature biofilm phase as seen in
Figure 2a. For a better understanding, SPEIS at various potentials was conducted as shown in
figure 6b. Here, only Apsl showed a drop in current with respect to WT, while Apel current
output was very similar to WT. This observation was in agreement with previous studies
where psl was determined to play a primary role in the biofilm development of non-mucoid
PAOL1 strains [64,65]. In summary, although significant changes were not observed at OCP,
the SPEIS results at higher potential show that EPS components contributed to charge

transfer. Despite this, all our studies were done at OCP to avoid the EIS characteristics
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arising due to faradaic current at the electrode-liquid interface, particularly at low frequency

[13].

Effect of geometry on biofilm sensing:

In addition to the growth of biofilm, the material and the surface area available for biofilm
growth may affect the sensitivity and reliability of EIS monitoring. Considering that our
ITO:PET substrate was flexible, we next conducted EIS analysis of ITO:PET for different

shapes and geometries (Figure 7a) with and without biofilms present on the surface.

Figure 7b shows the interfacial resistance for different shapes of the ITO:PET electrode. EIS
always measured a significant decrease in the interfacial resistance once a mature biofilm
formed after 72 hours, irrespective of shape. The interfacial resistance across four days of
biofilm growth for all of the geometries indicated similar trends (Figure S7). Interestingly,
the rectangular shape appeared to be the most robust shape for the detection of the biofilm. In
contrast, the cylindrical shape only measured a significant change in interfacial resistance
after 72 hours. The difference in sensitivity and robustness between the rectangular and
cylindrical shapes may be due to the differences in active surface area, i.e., the area that

interacts with ferricyanide, despite having the same geometrical surface area.

Figure 7c shows the capacitance across the various geometries studied with and without
biofilms present. From Figure 7c, we observed no significant difference in capacitance across
all experimental conditions except rectangle. The change in the capacitance for the
rectangular electrode was probably because the biofilm growth blocked the interaction of
charges and electrode [19]. Similarly, the capacitance for each geometry except rectangle

tested did not show any significant change across four days of biofilm growth (Figure S8).

Limitations
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There are some limitations of our work. Although phenazines are the redox mediators in P.
aeruginosa, their concentration in our system was not sufficient to drive the EET therefore,
external redox probe was used for the study. The investigation of biofilm sensing mechanism
is limited to the role of cytochrome oxidases and exopolysaccharides and the other
components that may participate in the electrochemical interactions were not studied. For
geometry studies, further investigation is required to determine the role of geometric surface
area and active surface area. Despite these limitations, our results presented a step towards
detecting biofilms in a more realistic scenario, where larger surface area polymeric substrates

of various shapes with non-ideal electrochemical properties are common.

Conclusions

In conclusion, we have shown that EIS at open circuit potential is able to rapidly detect the
static growth of P. aeruginosa biofilms across large surface areas of ITO-coated flexible
polymeric films over extended periods of time up to 4 days. EIS of P. aeruginosa in the
presence of potassium ferricyanide on flat squares of ITO:PET indicated a decrease in
impedance of the biofilm with increasing growth time, which was mostly due to the decrease
of interfacial resistance with biofilm development whereas the interfacial capacitance
dominated by space charge effects of ITO showed minimal changes. Confocal image analysis
and crystal violet assays showed a near-complete coverage of the substrate after 72 hours of
growth. However, the sensitivity of EIS was limited to detecting bacteria on the ITO:PET
surface and was not able to differentiate between the attachment and maturation phases.
Further investigation of the mechanism for changes in interfacial resistance revealed that the
effect was likely due to the combination of increased presence of extracellular components
(e.g., EPS) and bacterial metabolic activity. Shape or curvature of the sensor showed no

influence on the trend of interfacial resistance and effective capacitance of the ITO:PET after
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biofilm growth, opening up the potential for bespoke sensors to accommodate non-uniform

geometries found in biomedical and industrial applications.
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d. 96 hours growth.
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absorbance at 550 nm (N = 8, Mean * SD), NS: statistically non-significant.
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648  Figure 3: a: Representative Nyquist plot with respect to bacterial growth time b: Representative Bode
649  phase plot with respect to bacterial growth time c: Representative DFRT plots for increasing growth

650  time d: Schematic of equivalent circuit
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Figure 4: Interfacial resistance with respect to bacterial growth time and b: effective capacitance with

respect to bacterial growth time.
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Figure 5: a: Interfacial resistance for blank ITO:PET, control biofilm and NaN; treated biofilm b:

Interfacial resistance for blank ITO:PET, control biofilm and CCCP treated biofilm c¢: Current output

at bias potential for blank ITO:PET (N=4, Mean = SD), control biofilm (N=6, Mean + SD) and

NaN3 treated biofilm (N=4, Mean + SD) d: Current output at bias potential for blank ITO:PET (N=4,

Mean £ SD), control biofilm (N=5, Mean + SD) and CCCP treated biofilm.
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670  Figure 7: a: Schematic representation of electrode shapes b: Interfacial resistance with respect to

671  electrode shape and b: effective capacitance with respect to electrode shape.
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Research Highlights

HIGHLIGHTS:

e P. aeruginosa biofilms were grown on polymeric substrate over large surface
area

e Electrochemical impedance spectroscopy was tested to monitor biofilm
development

e Charge transfer resistance detects the inception of biofilm maturation

e Impedance results correlate with confocal microscopy and crystal violet assay

e Both cells and matrix components contribute to EET



