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Abstract

Currently, 2.29% of deaths worldwide are caused by antimicrobial resistance (AMR), compared to 1.16% from malaria and
1.55% from human immunodeficiency virus and acquired immunodeficiency syndrome. Furthermore, deaths resulting from
AMR are projected to increase to more than 10 million per annum by 2050. Biofilms are common in hospital settings, such
as medical implants, and pose a particular problem as they have shown resistance to antibiotics up to 1000-fold higher than
planktonic cells because of dormant states and reduced growth rates. This is compounded by the fact that many antibiotics
target mechanisms of active metabolism and are therefore less effective. The work presented here aimed to develop a method
for biofilm quantification, which could be translated into the clinical setting, as well as used in the screening of antibiofilm
agents. This was carried out alongside crystal violet staining, as a published point of reference. This work builds upon work
previously presented by Dunphy et al., in which the authors attempted to quantify the biofilm formation of Pseudomonas aerugi-
nosa strain using hyperspectral imaging. Here, using electrochemical impedance spectroscopy and square wave voltammetry,
the biofilm formation of two P, aeruginosa strains was detected within an hour after seeding P aeruginosa on the sensor. A 40%
decrease in impedance modulus was shown when P, aeruginosa biofilm had formed, compared to the media-only control. As
such, this work offers a starting point for the development of real-time biofilm sensing technologies, which can be translated
into implantable materials.

DATA SUMMARY

All data associated with this work are reported within the article. Except for data underlying Figs 2, S2 and 3, which have been
shared on figshare:

Figs 2 and S2: Crystal violet and square wave voltammetry quantification of PA14 and LESB58 4 h biofilms. To access the item,
go to https://doi.org/10.6084/m9.figshare.28269992.v1.

Fig. 3: Ectrochemical impedance spectroscopy quantification of PA14 and LESB58 biofilms over 4 h. To access the item, go to
https://doi.org/10.6084/m9.figshare.28270184.v1.

INTRODUCTION

Biofilms are a community of bacteria, usually mixed species [1], with increased resistance to antibiotics, antimicrobials and
other biocides, often with minimum biocidal concentrations of 1000-fold higher than planktonic cells [2-5]. Biofilms have been
shown to afford the bacteria environmental protection [1], such as against shear stress and decreased nutrient availability [6].
Mechanisms also include the creation of a physical barrier of extracellular polymeric substances [6-8] through the sequestration
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of environmental and own molecules. This includes molecules and material from the environment in which the biofilm has
formed, for example within an animal host, materials such as red blood cells, platelets and fibrin [8, 9], as well as the cell’s own
junk’ DNA [1] and polysaccharides [10]. Being in a biofilm allows bacteria to maintain a larger population number, as not all
the bacteria are ‘exposed’ to the outside of the biofilm, and therefore, an antibiotic, at once. This means that bacteria within a
biofilm can withstand up to 1000 times higher antibiotic concentration than those not in biofilm [11, 12], and can tolerate higher
concentrations of organic compounds and salts [12]. In a biofilm context, medical devices and implants, such as catheters [13-15],
grafts [13, 16, 17] and endoscopes [2, 18], are a particular issue, as they provide a surface on which the biofilm can form [2, 13].
Biofilms create an obstacle for basic quantification, due to some cells entering dormancy [19], as well as cell biomass and other
debris [6]. There can also be challenges with interpreting quantification results, due to the biofilm architecture and micro-colony
structure [1, 20]. Due to this, there are no standardized methods for biofilm quantification [1]. There are three categories for
biofilm quantification: biomass assays, which quantify the extracellular matrix (ECM), along with both living and dead cells;
viability assays, which quantify the living cells only; and matrix quantification, which quantifies the components of the ECM only
[21]. Assays, which capture the activity of pre-formed biofilms, are of clinical relevance, as these replicate the clinical context as
treatment occurs once a biofilm has become established [1].

Crystal violet (CV) staining was first used for the staining and quantification of biofilms by Fletcher [22], and since then, it has
become the ‘gold-standard’ for biofilm quantification [1, 4, 9, 21, 23-31]. CV staining can capture the activity of pre-formed
biofilms and is one of the most common published quantification methods [6, 31]. CV stains all negatively charged surface
molecules and polysaccharides [21], including anionic proteins, nucleic acids and LPS [1], and has the advantage of giving data
on the total biofilm biomass but also does not discriminate between live and dead cells [1, 21]. It has been demonstrated to be
repeatable both within and between species [21] and can be quantified using a spectrophotometer by dissolving the CV in a
solvent [21, 32, 33]. Prior to this advance, quantification was achieved using laborious and inaccurate microscopy cell counts
both with and without CV staining [22, 34]. Despite its popular use, CV can give considerable background stain [23], though
this can be overcome with washing steps [1, 34]. Background staining is also less significant with greater biofilm biomass, as is
often observed when quantifying Pseudomonas aeruginosa [1, 23]. However, published methods all show variations in washing
and quantification techniques [1, 2, 6, 21, 32, 34-36]. These variations include using no washing steps [34] or increased washing
steps [23, 29], as well as different solvents used to solubilize the CV, such as ethanol [4], glacial acetic acid [30] and isopropanol
[29]. Lastly, a recent review found that 75% of studies quantifying biofilms had used an endpoint colourimetric assay, such as
CV, and that 81% of these had used CV [31].

Electrochemical methods to detect bacteria in real time have been gaining momentum in the last few years [37-40]. One method,
which has been previously employed to monitor P. aeruginosa growth in real-time, is square wave voltammetry (SWV) [38].
SWYV is an electrochemical quantification method, which can be carried out using small sensors (0.5 cm), with the measurements
solely based on medium dispersion [38]. SWV applies a range of potential differences (V) to the system, typically liquid such as
growth media, and measures the current output (A). In this way, physiochemical properties of the system in the media can be
determined from the analysis of the current output at a potential difference of interest [41, 42]. For example, the redox-active
metabolite, pyocyanin, has oxidation peaks at —0.560, —-0.311 and 0.699 V [43], also reported at —0.25 V [38] and —0.37 [44].
The intensity of the peak positively correlates to the quantity of pyocyanin present in the system [38]. Other compounds are also
able to be detected by SWV; for example, lysogeny broth (LB) growth media has an oxidation peak at 0.85 V [45]. Hence, this
study was carried out with measurements between —0.5 and 0.5 V. As the potential difference applied is small, it only minimally
affects the conditions of the system and therefore outputs robust measurements [42]. This has allowed SWV to be employed for
the detection, identification and quantification of micro-organisms growing in culture [42]. The metabolites that the bacteria
produce, for example, pyocyanin, change the ionic composition of the medium, thereby changing the conductivity of the media,
which is measured at the working electrode at a specific potential difference [38, 42]. Using this, a user can gain information
about the charged molecules in the media [38], and monitoring this allows changes to the media to be observed in real time, in
situ, and this can be applied to bacteria growing in liquid culture [40, 46]. As the measurements are based on the dispersion of
metabolites within the media, SWV is only able to quantify planktonic growth in real time, and not biofilm formation.

However, another electrochemical method, which has been previously employed to monitor biofilms in real time, is electrochemical
impedance spectroscopy (EIS) [11, 37-40]. EIS has been found to be a rapid and inexpensive point-of-care diagnostic tool, using
screen-printed electrodes for less than £2 per sensor [39], and it has even been found to outperform traditional microbiological
techniques [39, 40]. Like SWV, EIS is also non-destructive [11]; however, it instead measures variations close to the electrode surface;
the biofilm builds up directly on the surface of the sensor [39]. For EIS, measurements are based on the electrical impedance on the
surface of an electrode. In EIS, a range of frequencies is passed between two electrodes, and the impedance modulus () between
the electrodes is measured [47]. Using a range of frequencies allows the user to gain information about the resistive and capacitive
properties of the system studied, meaning that any build-up of cells or debris on the electrodes from a forming biofilm is measured
as a decrease in impedance modulus [40]. Typically, impedance values are fit to a model, such as a Randle’s equivalent circuit
[37, 38, 46, 48], to extract further analytical parameters [38, 39]. However, changes in raw impedance modulus values have also been
employed previously to detect antibiotic resistance between two strains of S. aureus [39]. Furthermore, these authors employed a
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normalization technique for EIS, which treats each electrode sensor as a closed system as impedance is sensitive; by normalizing
each well against its =0, any variations between sensors are considered. Both SWV and EIS allow for real-time monitoring of
bacterial growth [40]; therefore, EIS has the potential to be of greater benefit for biofilm detection than other methods [38, 39]. Raw
impedance modulus values have also been demonstrated to be indicative of the biofilm on the sensor [40], providing easier access
for point-of-care, real-time diagnostics.

P. aeruginosa is infamous for its prolific ability to form biofilms in inhospitable environments [6], and its ability to develop
antibiotic resistance, as mentioned previously. For example, a review looking at Nepalese clinical isolates found that 42%
of P. aeruginosa isolates were resistant to two or more antibiotics [49], whilst another study showed that more than 55% of
P aeruginosa clinical isolates were resistant to 12 antibiotics [50]. A large array of genetic adaptations, including horizontal gene
transfer [51], and the ability to encode a large number of virulence factors [30, 51] have contributed to P. aeruginosa being the
etiological agent of 10% of all recorded nosocomial infections in the European Union [52], as well as being the leading cause
of endoscope infections [2] and death amongst cystic fibrosis (CF) patients [53]. There are two commonly used laboratory
strains of P. aeruginosa: PAO1 and PA14 [35]. PA14, originally isolated from a burn wound patient [54], has two additional
pathogenicity islands to PAO1, and increased virulence [55, 56]. This work focusses on PA14, as PA14 shows more consistent
biofilm formation compared to PAOL1 [1]. The other P. aeruginosa strain used in this work is LESB58, which belongs to the LES
group of P. aeruginosa isolates, which are the most common strains in CF patients [57]. LESB58 was also the first identified
P. aeruginosa clinical isolate [58], isolated from a CF patient in Liverpool in 1988 [53]. LESB58 is a highly virulent strain of
P. aeruginosa, encoding 99.2% of all known P. aeruginosa virulence factors [59]. One of the main reasons that P. aeruginosa
was chosen for this study was due to its ability to produce electrochemically active metabolites, such as pyocyanin, which is
produced by 90-95% of P. aeruginosa isolates [60]. Pyocyanin production has been shown to increase with planktonic growth
of P. aeruginosa within a closed system [38]. Furthermore, pyocyanin is reduced at —0.35 V [61], and it is the chemical signal
released during the reduction process, which is measured [38]. It was therefore hypothesized that measuring the bacterially
produced pyocyanin could be an accurate method to quantify the planktonic growth of P. aeruginosa. Furthermore, P. aerugi-
nosa attachment has been seen within 2 h and plateaued at 4 h [22]. Therefore, it was hypothesized that biofilm formation of
P, aeruginosa would be observable within 4 h using EIS.

The work presented here aims to design a model system for the monitoring of growth and inhibition of biofilm formation and
develop electrochemical methods for biofilm quantification, specifically EIS and SWYV, alongside a ‘gold standard” CV as a
published point of reference. Specifically, this work was carried out using the clinically relevant pathogen, P. aeruginosa. Two
strains were chosen due to their laboratory and clinical significance: PA14 and LESB58.

METHODS
Bacterial growth and maintenance

P aeruginosa (strains PA14 and LESB58) were cultured from glycerol stocks and streaked onto LB agar and incubated (37 °C, 18
h and static). Following growth, LB liquid media (5 ml) was inoculated with a single colony and incubated (37 °C, 18 h and 250
r.p.m.). For bioactivity and biofilm assays, P. aeruginosa was diluted to an OD_, of 1, unless stated otherwise.

Initial biofilm quantification (cuvettes)

For the initial biofilm quantification, overnight cultures of P. aeruginosa (PA14) were diluted to an OD,  of 1 and seeded into a
six-well plate (1 ml, carried out in triplicate) (Corning™) and incubated (4 h, 37 °C and static). Following this, the biofilm was
dislodged by pipetting the media up and down and transferred to a 1 ml cuvette. This was then read on a spectrophotometer at
600 nm. Following this, the protocol was carried out as before; however, after the 4 h incubation, the wells were washed with PBS
(Sigma). This was achieved by removing the media without dislodging the biofilm, adding 1 ml of PBS to the wells, and removed
gently. A further 1 ml was added, and the biofilm was dislodged and read on the spectrophotometer as before.

Biofilm formation and quantification (96-well plates)

Both PA14 and LESB58 were diluted to an OD, of 1 from overnight cultures, added (100 pl) to a clear-walled, clear-bottomed
96-well plate (carried out in triplicate) (Thermo Scientific™) and incubated (37 °C, static) for 4 h to allow for biofilm formation
with minimal media evaporation. Post-incubation, absorbance was measured at 600 nm; then, the medium was removed, and the
wells were washed with 100 ul dH,O. After air-drying [15 min, room temperature (RT)], the wells were stained with 0.1% CV in
dH,O (w/v) for 15 min at RT; after which the CV was removed, and two further washes with PBS were carried out, and the plates
were air-dried (15 min, RT). To quantify the CV-stained biofilms, 200 ul ethanol (Fisher Scientific, HPLC-grade) (95%, in dH,0
v/v) was added to each well to solubilize the CV and the absorbance read (570 nm). The biofilm formation was normalized using
min-max normalization [62], also called feature scaling, with media-only and P. aeruginosa-only controls to allow the data to be
compared to the electrochemical data collected afterwards.
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Electrochemical biofilm quantification methods

To carry out electrochemical measurements, 96-well plates with three electrode carbon sensors in the base (Metrohm™) were
used for all electrochemical measurements. These were fitted with a circuit board underneath and could be placed directly onto
a specialized plate reader (DropSens Connector 96X) to input and measure electrical signals. To achieve this, desired measure-
ments were set up as scripts on PSTrace software (version 5.9) run on a laptop (Lenovo IdeaPad 320S). A potentiostat (PalmSens4
version 1.7) and multiplexer (PalmSens MUX8-R2) were connected in sequence from the laptop to the plate reader, which enabled
desired measurements to be carried out in specific wells (selected on the plate reader) in sequence, as each well forms its own
circuit. The plate reader was able to operate within the incubator (Panasonic MIR-154-PE). The setup is shown in Fig. 1. Biofilms
were formed in the 96-well plate with the three-electrode system in the bottom of each well at a seeding density of OD, of 1, as
carried out for the CV quantification and described previously. Measurements from each well were taken every 30 min for 4 h.

The laptop connects directly to the potentiostat, which is connected to the multiplexer on the top shelf. The multiplexer is then
connected to the plate reader via 32 inputs. The multiwell plate sits on top of the plate reader; when in use, this is covered with
a breathable membrane to maintain sterility. The multiplexer and potentiostat were on blocks to keep them at the same height
to reduce strain on the wires.

SWYV measurements were carried out with a 5 A current, a 3 mV step potential and a 15 Hz frequency. A range of potential
differences (—0.5 to 0.5 V) was applied to the wells, and the current output (pA) was measured. This gave a peak intensity for
metabolites within the media, if they are excited at a potential difference within the range. Peak height positively correlates to
the quantity of the metabolite present in the media, thus allowing for quantification. The current at —0.35 V was recorded and
used as the planktonic growth measurement. The data was normalized by dividing the respective well by the corresponding t=0
value. In this way, the variations in background noise associated with each sensor were minimized [40].

For EIS measurements, 0.1-10000 Hz frequencies were scanned at 0.01 V AC potential (11 frequencies per decade at 67 frequen-
cies), and the EIS spectra were measured against the open circuit potential. This output of raw impedance modulus () values was
then analysed for trends, both over time at the same frequency and at a range of frequencies at the same time point. An increase in
biofilm formation on the sensor correlated with a decrease in the impedance modulus at a frequency of 10 Hz. Higher frequencies
contained a large amount of noise. The data was again normalized by dividing the respective well by the corresponding t=0 value
to minimize the variations in background noise associated with each sensor [40].

Pyocyanin concentration curve

A standard curve was required to identify SWV peak(s) of interest for pyocyanin; therefore, pyocyanin (Sigma-Aldrich) was
dissolved in ethanol (100%) to a concentration of 1 mM. This stock was then diluted in dH,O to 100 uM and then serially diluted
sevenfold in dH,O to 0.781 uM. These dilutions were then measured using the same SWV protocol described above, with potential
differences between —0.5 and 0.5 V applied to the wells.

Statistical analysis

For all data sets subject to statistical analysis, a Shapiro-Wilk test was performed initially to confirm that the data set was normally
distributed. Following the normality test, statistical differences between samples were carried out. For the comparison of two
samples, an independent sample t-test was performed. Where there were more than two samples, a one-way ANOVA was carried
out to determine if there was a significant difference within the group. Following this confirmation, both Tukey’s and Dunnet’s
post hoc tests were carried out, which compared all groups to each other and to the control, respectively. Significance from all
tests was determined as <0.05, except for the Shapiro-Wilk test, in which <0.05 indicates that the samples are not normally
distributed. All statistical analysis was carried out using SPSS [version 28.0.0.0 (190)].

RESULTS

First, it was important to assess P. aeruginosa PA14 growth under the conditions by which biofilm growth would be evaluated
(37 °C, 4 h and static). This was done by dislodging the biofilm from the walls of the well (six-well plate) and then measuring
the OD at 600 nm as a proxy for biofilm growth, as is standard practice for non-filamentous, non-clumping bacteria. The results
showed that OD_ ranged from 0.060 to 0.084 with no statistical difference between replicates 1A-1C (P>0.05, n=3) suggesting
uniform and consistent measurement (Table 1) across all replicates. The final ODs of the biofilm bacteria were unexpected, as
the cells were seeded at 0.2 OD_, and therefore, an abundance of adhered cells was anticipated. However, to more accurately
use this method to quantify biofilm, it would be important to wash the planktonic cells so that only biofilm cells adhered to the
plate surface would be quantified. As such, three PBS washes were introduced, and as expected, the cell density was reduced
to OD,, 0.024, 0.031 and 0.081 (Table 1), indicating that planktonic cells had been successfully removed. There was also more
variation in measurements, with the results being statistically significant from one another (P<0.05), including more than a

threefold difference between replicates 2A and 2C. This suggests that this method is not accurate for biofilm quantification.
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Fig. 1. DropSens™ plate layout and biofilm formation and equipment setup. (a) Close-up of DropSens™ 96-well plate with carbon sensors in the base
of each well. (b) Diagram showing the positioning of the counter, working and reference electrodes on the sensors present in the 96-well plate, (c)
schematic of the difference observed when biofilm is present and not present on the sensor and (d) photo taken inside the incubator with a laptop on
the bench behind the incubator (not seen). The laptop connects directly to the potentiostat, which is connected to the multiplexer on the top shelf. The
multiplexer is then connected to the plate reader via 32 inputs. The multiwell plate sits on top of the plate reader; when in use, this is covered with a

breathable membrane to maintain sterility. The multiplexer and potentiostat were on blocks to keep them at the same height to reduce strain on the
wires.
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Table 1. Biofilm formation of P. aeruginosa quantified spectroscopically. 0D, of P aeruginosa (PA14) biofilm after 4 h incubation at 37 °C with (2A-C)
(P<0.05, n=3) and without (1A-C) (P=0.05, n=3) PBS washing

Replicate oD, (nm) PBS wash
1A 0.083 No
1B 0.060 No
1C 0.084 No
2A 0.081 Yes
2B 0.031 Yes
2C 0.024 Yes
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Fig. 2. Quantification of P. aeruginosa [PA14 (green) and LESB58 (blue)] biofilms with increasing seeding densities (0D, 0.05-1). (a) Measured after 4 h
using spectroscopy readings at 570 nm of solubilized CV in ethanol (error bars show sb, n=3, r’=94 and 92%, respectively). (b) Current (uA) measured
over 4 h at -0.35V, normalized 4 h time point shown (error bars show sb, n=3 and r’=91% for both).
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The main disadvantage of this method, and one that could impact the success in ‘capturing’ biofilm cells in the measurement, is
that pipetting is used to transfer the culture to the cuvette for measurements in the spectrophotometer. There was no method used
to determine if all the biofilm cells had been removed from the wells for quantification. This may account for the discrepancies
between replicates as well as the low OD, | result compared to the seeding density. As such, the results were expected, and, next,
the ‘gold standard’ method of biofilm quantification, CV staining, was assessed. This allowed for biofilms to be quantified within
a 96-well plate (necessary for the chosen electrochemical measurements later) and therefore circumvented the cell-removal issues
experienced during OD measurement.

Following on from the initial biofilm formations in six-well plates, decreasing seeding ODs of P. aeruginosa (PA14) were intro-
duced to observe if decreasing quantities of biofilm could be detected. The lack of staining in the CV control after the biofilms
were washed confirmed that both the planktonic cells and the background stain were removed. Also, there was a visual decrease
in the quantity of stain for decreasing OD,  of P. aeruginosa.

From this, it was necessary to quantify the CV-stained biofilm, and therefore, 95% ethanol (v/v) was used to solubilize the
biofilm-bound CV. The biofilms were formed from seeding densities of 0.05-1 OD, . The addition of ethanol to the CV-stained
wells solubilizes the CV from the walls of the wells into the solvent, allowing for spectrophotometric quantification of the CV
(Fig. 2a). The CV quantification of both PA14 and LESB58 at increased seeding densities (Fig. 2a) had clear linear trend lines. As
the data was normalized, the end value was 100% biofilm formation, showing a 79.2% increase in biofilm formation between the
lowest and highest seeding ODs for PA14. LESB58 showed a 109.7% increase. These both positively correlated to the initial OD
that the P. aeruginosa were seeded at 12 values of 94% and 92%, respectively, indicating the percentage of explained variation of
the total variation. Furthermore, there was an overall increase in the sp at the higher starting ODs, particularly compared with
those at ODs 0.05 and 0.1 (Fig. 2a). Next, it was of interest to determine if P. aeruginosa biofilm formation could be viewed in
real-time, rather than as an endpoint, as with CV quantification.

As CV quantification provided challenges with accurate and repeatable measurements, as well as only allowing for endpoint reads,
we chose to develop methods, which enabled electrochemistry to be used to monitor biofilm formation in real time and in situ.
As mentioned previously, P. aeruginosa produces an electrochemically active secondary metabolite, pyocyanin, which can be
measured using electrochemical techniques and used as a proxy for growth [38]. Briefly, a range of potential differences (-0.5 to
0.5 V) was applied to the wells, and the current output (uA) was measured. Peak height positively correlates to the quantity of the
metabolite present in the media, thus allowing for quantification. As proof of concept, increasing concentrations of a pyocyanin
standard were quantified using SWV, with a potential difference at —0.35 V, as this is the potential at which pyocyanin is reduced
[61], to create a pyocyanin concentration curve (Fig. S1, available in the online Supplementary Material). This has been carried
out previously on gold screen-printed electrodes [38]; however, it was important to carry out this initial concentration curve to
show that this also works in this system (carbon screen-printed electrodes). This showed a strong positive correlation between
the pyocyanin concentration of a solution and the resulting current (uA) ("=99.9%). As pyocyanin production has been shown
to increase with the planktonic growth of P. aeruginosa in a closed system [38], it was therefore hypothesized that measuring the
bacterially produced pyocyanin could be an accurate method to quantify the planktonic growth of the P. aeruginosa.

As such, the next experiment used the same setup, but with both P. aeruginosa PA14 and LESB58 at increased seeding densities,
as carried out earlier. The results showed a similar trend to the CV data (Fig. 2b). As hypothesized from the concentration
curve, there was an increased current (HA) output at increased seeding densities (shown as a percentage as the data have
been normalized). For example, for PA14, OD 0.05=6.4% increase in current, compared to OD 0.8=70.6%. Similar trends
were seen for LESB58, OD 0.05=1.2% and OD 0.8=64.2%. This increased current output demonstrates increased pyocyanin
production and, subsequently, the density of P. aeruginosa cells. As both sets of data were normalized to the current at the
highest concentration of pyocyanin (OD, =1), Fig. 2b does not show the differences in pyocyanin production between PA14
and LESB58. Looking at the current output data prior to normalization (Fig. S2), it can be observed that LESB58 produces more
pyocyanin than PA14; LESB58=12.7 uA, compared to 2.2 pA for PA14, both at OD, 1. This is because LESB58 has increased
virulence compared to PA14, and pyocyanin is a virulence factor of P. aeruginosa. The pyocyanin concentration curve had an
r* value of 99.9%, compared to 91% for the SWV data (both PA14 and LESB58), with #* indicating the percentage of explained
variation of the total variation. This is surprising, as the concentration curve in Fig. SI is pyocyanin and media only, whereas
P aeruginosa cultures produce other metabolites in addition to pyocyanin. These additional metabolites, such as pyoverdine,
add additional variation to these wells, which is not measured by the concentration curve. Next, it was of interest to determine
if biofilm formation could be observed over the 4 h, rather than an endpoint read, as with CV.

As mentioned previously, SWV measurements at —0.35 V quantify the concentration of pyocyanin within the media (correlating
to the planktonic growth of P. aeruginosa). As such, it was hypothesized that EIS could be employed to quantify biofilm forma-
tion, as this instead measured the build-up of cells on the electrode, with a decrease in impedance modulus indicating biofilm
formation. As expected, the EIS spectra of PA14 and LESB58 over 4 h showed a decrease in normalized impedance modulus
(Q) from 1 to 0.54 and 1 to 0.43 for PA14 and LESB58, respectively (Fig. 3), indicating that both strains had formed biofilms
within the 4 h. Furthermore, there was a significant difference observed in the quantity of biofilm formed by LESB58 after
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Fig. 3. EIS quantification of P aeruginosa biofilms over 4 h. PA14 (green), LESB58 (blue) biofilms and LB media control (yellow) quantified using EIS
(10 Hz) over 4 h. Impedance normalized by dividing each data set by their t=0 value. Error bars show sb and n=3, and * denotes significant difference
(P<0.05).

1.5 h (P=0.046, n=3), when compared to 0 h, and a significant difference in the quantity of biofilm formed by PA14 after
just 1 h (P=0.00033, n=3) (Fig. 3). Typically, impedance data are fit to a circuit model as a method of normalization [38, 39];
however, model fitting was not carried out here, as significant differences between the LB control and both P. aeruginosa
strains could be observed without this. Instead, the data were normalized, as in a study by Hannah et al. [40], by dividing by
the corresponding t=0 value for each condition. Lastly, there was no significant difference in biofilm between either strain
of P. aeruginosa after 4 h (P=0.076, n=3). This is despite other studies indicating that LESB58 is a superior biofilm former,
due to its lack of motility [55], and conversely, Fig. S2 showed that PA14 formed more biofilm when quantified with CV; the
ability to detect biofilm formation in real time, and within 90 min, for both strains, has strong implications in the field of
high-throughput diagnostics, for example, in real-time monitoring of medical implants.

DISCUSSION

As discussed earlier, there is no standardized method in which biofilms are quantified in the literature, and there is no antibi-
ofilm agent currently available on the US market [1, 63]. One of the main inconsistencies within the biofilm-quantification
community is variations, which occur within the CV-staining protocol, despite CV being the most used biofilm quantifica-
tion method [31]. For example, there are additional PBS washes of the biofilm pre-staining [64], post-staining [56], solvent
variation [2] and increased concentrations of CV [21, 65]. In one of the earlier studies using CV, in 1998, CV was added
directly to the media after the biofilms were grown, resulting in planktonic cells also being stained alongside the biofilm [34].
Furthermore, the authors used 1% CV [34], a concentration used in several studies [24, 33, 34]. This is in comparison to the
0.1% used in other studies [1, 7, 25, 35], including this one. Two of the studies, which used 0.1% CV, looked at reduction
in biofilm formation using amino acids [35] and biofilm growth in different media [1], respectively. Both also included
photographs alongside quantification of the biofilms with CV to highlight the background staining. These studies also showed
clear trends from the CV data, with similar margins of error as here, and larger error at higher absorbance (570 nm) values.
This supports the data and the CV quantification protocol presented here, with a lower concentration of CV as a useful
method of biofilm quantification, which can inform further assay development with EIS. Lastly, and importantly for the work
carried out here, the quantification of biofilm-bound CV is an indirect measurement; the biofilm-bound CV is resolubilized
into a solvent, and then, this is measured [7, 65]. Here, the aim was to develop a method, which could be used to quantify
the biofilm as it was forming, rather than an endpoint method, such as CV. This builds upon work previously presented by
Dunphy et al., in which pyocyanin detection was used as a proxy for biofilm formation [38]. Here, biofilm formation was
able to be measured directly on the sensor, increasing the translatability of the work into other non-pyocyanin-producing,
biofilm-forming pathogens.
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Electrochemical measurements, including EIS, have been used to quantify planktonic and biofilm cells previously. As
mentioned above, electrochemical data and, in particular, impedance data are fit to an equivalent circuit model, such as
Randles [38, 39, 66]. However, circuit fitting was not carried out here due to the trends in the data being apparent prior to
model fitting. Hannah et al. found similarly that, when measuring the planktonic growth of E. coli on their gel-electrode
system, there was no requirement for model fitting and that changes in bacterial growth could be detected from raw imped-
ance modulus values at 100 kHz [40]. This is highly encouraging, as the removal of part of the workflow allows electrochemical
methods to be more accessible and therefore increase the likelihood of them being used in the clinical setting by non-
specialists. However, the error associated with increased current values could pose issues of reliability in the clinical setting
[67]. Furthermore, increased variation between measurements and controls has previously been attributed to metabolites
within the growth media, which are not present in the standards, and increased concentrations of bacteria would hence lead
to further variation compared to the standards [38]. Another consideration within a clinical setting is the interference of
the EIS measurement by sputum, blood, urine and other body fluids. Recently, EIS has been used to detect a cyclic peptide
in environmental water samples [68], medicine within patient blood [69] and human protein within simulated urine [70].
However, if another sample constituent (other bacteria, macromolecules and drugs) is detected at the same potential during
SWYV or initiates biofouling, then this would give a false positive. Due to the developed method using two electrochemical
methods, this makes the measurements more robust against interferences.

This work has demonstrated the benefit of electrochemical methods over conventional methods, such as CV, but also
lesser-used methods, such as hyperspectral imaging. A clear limitation of the study presented here is the inability to
directly measure planktonic growth, instead inferring from the pyocyanin concentration [38]. However, previous studies
have looked at planktonic only [40], or planktonic in one system and biofilm in another [38], rendering the results
incomparable. Therefore, this middle ground of using both SWV and EIS must be seen as a compromise that will be
overcome. Using EIS to monitor P. aeruginosa biofilms has previously shown a decreasing impedance as well, with the
authors also monitoring capacitance, which is inversely proportional to impedance [71]. Furthermore, Kretzschmar et al.
discussed the possibility that carbon electrodes limit the determination of some biofilm properties, due to the increased
capacitance associated with the material, subsequently automatically lowering the impedance measurements [71] when
compared to other published data on different electrode materials, such as gold, where impedance data could be read at
higher frequencies [25]. Lastly, an increased electrical ‘noise’ has been associated with a multiplexer, which also results
in higher EIS frequencies being unusable [47], and therefore, studies using single electrodes have been able to monitor
higher frequencies [25]. These factors may go some way to explaining why the trends in the EIS spectra here were only
seen at lower frequencies (10 Hz).

CONCLUSIONS

From this work, a standardized method for reliable biofilm quantification of two P. aeruginosa strains (PA14 and LESB58)
has been achieved using SWV and EIS measurements, further showing that the raw impedance modulus reads could give
quantifiable measurements during biofilm formation, rather than endpoint measurements only. This is the first time that this
has been shown for P. aeruginosa biofilms without the need for post-measurement model fitting. This advancement makes
P aeruginosa biofilm detection more readily accessible and is a huge step towards in vivo quantification. P. aeruginosa biofilms
have been quantified previously using EIS; however, as mentioned, importantly, the data required circuit fitting [38, 72-74].
This increases processing time and makes the technology less accessible for non-specialists [38], thereby limiting its use,
something this work circumvents. In fact, to our knowledge, the only other instance of bacterial quantification using the raw
impedance values was focussed on Escherichia coli [40]. The 2020 study demonstrated the use of impedance measurements
for phenotypic antibiotic (streptomycin) susceptibility testing [40] and, as such, demonstrates another exciting potential for
real-world applications, for example, real-time antibiotic susceptibility measurements for isolated strains in clinical settings.
In future work, it would be of interest to observe how P. aeruginosa responds to antibiotic or antibiofilm agents, and if this can
be detected with the developed electrochemical system. Biological replicates of this work would help to improve the accuracy.
Lastly, these electrochemical techniques have interesting patient-care applications, and it would be highly worthwhile to
assay this with medically relevant materials, as a stepping-stone to point-of-care electrochemical sensing that could be used
to detect biofilms forming on implanted materials.
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