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Combining hyperspectral imaging and
electrochemical sensing for detection of
Pseudomonas aeruginosa through pyocyanin
productiont

i '.) Check for updates ‘

Cite this: Sens. Diagn., 2022, 1, 841

R. David Dunphy,@ia Perrine Lasserre,@ib Lily Riordan,® Katherine R. Duncan, ®¢
Christopher McCormick,” Paul Murray*® and Damion K. Corrigan**®

Despite bacterial biofilms representing a common form of infection, notably on medical devices post
implantation, their detection and characterisation with existing methods is not sufficient to inform clinicians
about biofilm presence or treatment response in affected patients. This study reports the development and
use of a combined hyperspectral imaging (HSI) and electrochemical platform to monitor biofilm formation
optically and electrochemically. Firstly, production of pyocyanin, a common pigmented and redox active
secondary metabolite produced by P. aeruginosa, is monitored by combined HSI and square-wave
voltammetry. Secondly, P. aeruginosa biofilm formation is characterised directly using electrochemical

Received 16th March 2022,
Accepted 10th June 2022

impedance spectroscopy. This suite of optical and electrochemical measurements allows for combined
monitoring of secondary metabolite/virulence factor production along with direct monitoring of biofilm
formation on the sensor surface. Crucially, the easy to deploy and low-cost nature of the selected sensing
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technologies means the approach can be developed for enhanced study of biofilms and/or at the point of
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Introduction

The National Biofilms Innovation Centre estimated the
worldwide annual cost of biofilms to human health at $387
billion USD, representing five percent of global health
expenditure." Microorganisms in the biofilm form are
reported up to 1000 times more antibiotic resistant than
planktonic specimens of the same species.”™* In many cases,
the concentrations of antibiotics required to treat biofilm
infections cannot be administered as it would lead to
systemic toxicity and adverse side effects for patients.” A
particular problem arises with the use of implantable medical
devices, as they account for over half of hospital-acquired
infections,” often a result of biofilm formation.” Some
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methods to lower infection include, enhanced sterilisation
procedures, for instance, low-intensity intermittent
ultrasonication-induced  bursting of microbubbles or
photodynamic therapy. Yet, these strategies in addition to
device modifications, such as coatings (metal, anti-microbial
or hydrogel), have not proved sufficient to lower infection
risks and rates.*® Furthermore, biofilm-related device
infections are rarely detected before they become systemic
often leading to device failure. One of the most effective
strategies to tackle biofilm-related infections is the invasive
procedure of removing and replacing the infected implant.”
For these reasons, it is clear that biofilm control and
treatments are not yet optimal. This is mainly due to the lack
of reliable detection and diagnostic methods.>”?

Biofilm presence is commonly confirmed by optical
systems using microscopy or staining approaches such as
crystal violet."°™*® Culture methods are routinely used to grow
and identify pathogens but involve invasive sampling and
destructive end-point characterisation.'>*®  Furthermore,
slow-growing biofilm microorganisms do not always grow
in vitro.>® An alternative method to culture is to use
molecular techniques for pathogen identification, but these
do not discriminate between biofilm-constituting organisms
and extracellular DNA or planktonic bacteria contained in a
sample.>*'® Recent fluorescence-based techniques and next-
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generation sequencing have not yet found their place in the
clinic due to cost and expertise requirements,” and no
consensus has been reached over standardisation or
quantitative strategies.'”” Furthermore, low replicability
both within and between laboratories does not facilitate
comparisons and development of wuniversal models,
detection, treatments or point-of-care solutions.***® Non-
invasive and reliable systems are therefore needed for biofilm
characterisation and quantification. Downscaling from
known macro systems, such as Calgary devices, modified
Robbin's devices or CDC biofilm reactors, to micro
techniques could decrease resource costs and analysis time
while improving real-time monitoring."?

These are features of electrochemical sensors, which
enable selective, sensitive and rapid analyte detection, with
possibilities for higher throughput and miniaturisation.™
Electrochemically active metabolites can be directly detected
through amperometry or voltammetry. The chemical signal
from oxidation or reduction processes is converted into a
measurable electrical signal, an application of which is
square-wave voltammetry (SWV), a fast and sensitive
technique, where peak amplitude is directly related to analyte
concentration.”® Using an alternating current instead,
electrochemical impedance spectroscopy (EIS) assesses
surface characteristics from fitting electrical
modelling physiochemical properties of the studied
system.>’*  Faradaic impedance is produced upon
occurrence of redox reactions close to the electrode surface,
which can be exploited for quantitative analysis.>® EIS has
previously proven to be a successful strategy in the detection
of biofilms.'"*®

Pseudomonas aeruginosa is a World Health Organization
priority pathogen,”® and one of the most commonly
associated pathogens in hospital-acquired infections.”®>"8
It is responsible for acute infections in healthy subjects, its
pathogenicity in immuno-compromised patients often results
in chronic infections because of its resistance to antibiotics
and to the host immune response.” Pyocyanin is ubiquitously
produced by P. aeruginosa and one of its main virulence
factors, characteristically produced by this bacterial species
in a biofilm phenotype, its most efficient
strategy.>”?°*' As a well-characterised compound across the
electrochemical literature, pyocyanin has led to a wide range
of sensing strategies through amperometric, voltammetric, or
impedance-based detection.?>%3%:3>

Hyperspectral imaging (HSI) is a photographic imaging
technique that captures detailed spectral information for
each pixel of an image. The resulting hyperspectral datacube
can be thought of as a collection of greyscale images
corresponding to narrow bands of the electromagnetic
spectrum. This effectively allows a complete reflectance
spectrum to be constructed for each pixel of an image,
enabling computer-assisted analysis of processes that are
detectable in the visible or infrared spectrum. HSI enables
the detection of specific substances by matching absorption
bands to known spectral signatures. HSI has the advantage
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over UV spectroscopy and other analytical techniques that it
allows identified compounds to be localised over the area of
an affected sample.

Biomedical applications of HSI range from in vivo
identification of cancer cells® to the classification of Shiga
toxin-producing Escherichia coli** The use of HSI has
previously been proposed for the detection of environmental
biofilm through colour changes within the visible to near-IR
(VNIR) range, resulting from biofilm formation or interaction
with the bacteria-substrate.>® While hyperspectral microscopy
has frequently been used for microbiological applications
such as the detection of E. coli*® or single-cell identification
of food-borne pathogens,®” macroscopic applications are of
increasing interest.*® Hyperspectral techniques applied to
biofilms include hyperspectral fluorescence imaging, which
has been used to assess E. coli and Salmonella biofilms on
stainless steel,>® and Raman chemical imaging spectroscopy
for identifying a range of pathogens.’” Due to their non-
destructive nature, hyperspectral methods are particularly
well suited for time series studies, and have been used to
monitor the effect of antibiotics on biofilm growth.*!

In this study, we propose a robust and multifaceted
combined HSI and electrochemical sensing approach to the
detection of the P. aeruginosa virulence factor pyocyanin. The
reported approach will enhance the ability to study and
therefore improve understanding of biofilm formation and
maturation on medical implant materials. Additionally,
because of the two technologies involved, the system has
potential for future point-of-care applications. Pyocyanin's
blue pigmentation serves to quantify P. aeruginosa growth
using VNIR-HSI for the first time. The trends observed using
VNIR-HSI are supported using SWV to evaluate the quantity
of pyocyanin in samples of two strains of P. aeruginosa over
48 hours of growth and supplemented by EIS for biofilm
assessment. We show that the electrochemical detection of
pyocyanin can be correlated with its spectral signature and
demonstrate, using time series data, that the growth and
spatial distribution of the bacteria can be documented.

Materials & methods
Custom-built test cell design

A 3D-printed custom-built test cell was designed and
manufactured in-house to facilitate the image capture and
electrochemical monitoring of P. aeruginosa pyocyanin
production and biofilm formation. The design allows for
samples to be grown, imaged from above before
electrochemical measurements are taken wusing the
potentiostat without disruption. The plate consists of a
baseplate with four slots to position screen-printed electrodes,
which is bolted to a clear acrylic enclosure with wells around
the electrode measuring area. Acrylic cylinders were inserted
into the enclosure wells and sealed with O-rings to reproduce
the shape of a 96-well microtiter plate, as this is the most
common format for biofilm measurements.?® The baseplate
and the enclosure are bolted together after sliding electrodes

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Biofilm formation in the custom-built test cell. (a) Exploded view of the test cell, (b) P. aeruginosa in LB medium at 0 h and (c) after 6 h of

incubation.

into the designated slots. The custom-built test cell was
cleaned with 70% ethanol in dH,O (v/v). Fig. 1 shows close-
ups of a well of the custom-built test cell containing lysogeny
broth (LB) medium (Fig. 1b) and P. aeruginosa biofilm

(Fig. 1c).

Pyocyanin calibration

Pyocyanin standard (P0046) and LB medium (L3522) were
purchased from Sigma. Pyocyanin was dissolved in 100%
ethanol at a concentration of 10 mg mL™". Further dilutions
were prepared in triplicates, in LB medium at the following
concentrations: 10 mM, 5 mM, 2.5 mM, 1 mM, 0.50 mM,
0.25 mM, 0.10 mM, 0.05 mM, 0.025 mM and 0.01 mM.

Screen-printed gold electrodes (C223-BT DropSens,
Oviedo, Spain) with a 1.6 mm diameter working electrode
were used to conduct experiments. 50 pL of culture or
media blank was deposited onto electrodes. The custom-
built test cell was placed on a lateral translation stage
located under the VNIR hyperspectral camera, and
illuminated by four 60 W halogen lamps. The plate was
positioned to align each well with the lens of the camera
as it was being imaged, minimising differences in
illumination that might otherwise have been caused by the
relative position of the well, camera and lamps. To avoid
inconsistent illumination resulting from the edges of the
plate, the outermost wells were not used. For each sample,
an image was first captured, and electrochemical
measurements followed directly after.

Hyperspectral images were captured using a Hamamatsu
CCD/Specim (C8484-05G VNIR pushbroom hyperspectral
camera system, with 2 x 2 pixel binning wused to
compensate for sensor noise and an exposure time of 0.04
s. 512 wavelength bands in the range 386-1006 nm were
measured, of which 440 bands in the range 379.6-909.9
nm were retained for analysis, as bands outside this
range are negatively impacted by sensor noise. The spectral
reflectance was obtained from the raw hyperspectral data
using one-point calibration for each image, according to
the formula:

R=2"2 (1)

© 2022 The Author(s). Published by the Royal Society of Chemistry

where S is the sample data, D is a dark reference point
obtained by capturing an image with the lens covered, and
W is a white reference point, obtained from a Spectralon
calibration tile imaged alongside the sample.**

Square wave voltammograms were acquired following
settings previously described,*” with a 5 A current, a 3 mV
step potential, and a 15 Hz frequency. The potential ranged
from -0.7 V to 0.0 V vs. Ag/AgCl. For EIS data generation,
frequencies were scanned between 0.1 Hz and 100 kHz at a
0.01 V AC potential with 11 frequencies per decade at 67
frequencies. EIS spectra were measured against OCP. EIS and
SWV data were acquired with a PalmSens potentiostat and
analysed with Origin.

P. aeruginosa monitoring in a 96-well plate format

Wells were inoculated with an ODg, value of 0.5 or 1 from
an overnight P. aeruginosa culture of either PA14 or LESB58
respectively. Distilled water was added to any empty well,
ensuring sufficient ambient water availability to avoid sample
concentration. Images of the plate were taken first, and
sampling of each well occurred in sterile conditions where
well contents were transferred to 0.5 mL sterile
microcentrifuge tubes and stored on ice until SWV and EIS
acquisition. 50 pL were pipetted onto the electrode area of
gold screen printed electrodes and tested with SWV with a
wider potential window from -0.7 to 1.0 V and EIS.

Hyperspectral images were normalised using the standard
normal variate (SNV) approach, and adjusted relative to the
LB baseline, with the formula:

R-ptp _

OR

X = XBL, (2)
where R is the calibrated image, ur is the mean of all
data points in R, op is the standard deviation of R, and
Xpp, is the SNV of the baseline spectrum. Finally, a feature
map F was defined by scaling the resulting scores between
the normalised spectra for the positive and negative
controls:

XX

~ Xevo~ X’

(3)
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where Xpp is the normalised score for the LB sample, and
Xpyo is the normalised score for the 1.0 mM pyocyanin
positive control sample.

P. aeruginosa biofilm monitoring in the custom-built test cell

The custom-built test cell was assembled with the electrodes
in the slots. An overnight P. aeruginosa (PA14 and LESB58)
culture was inoculated in 200 puL of LB medium in each well,
at an initial ODgg, value of 0.5 or 1. ODg,, measurements
were taken every 15 minutes for 24 hours as a growth check.
Fig. 2 shows the growth curve of P. aeruginosa samples over a
24-hour period.

The operation was repeated in triplicate following the
same image capture and SWV and EIS settings established in
the above section at 0, 24 hours and 48 hours.

Mean reflectance spectra were calculated from a region of
each hyperspectral image corresponding to the location of
the reference electrode, which had the most Lambertian
spectrum of any portion of the samples.

The spectra were normalised to a mean of ¢ = 0 as in eqn
(2). The mean reflectance for the corresponding area of a
control sample containing only LB was used as the baseline
reflectance spectrum and subtracted from each of the sample
spectra.

Results and discussion
SWYV and HSI standard pyocyanin calibration

A pyocyanin standard calibration curve was first established
with SWV and HSI with 50 pL deposits on screen-printed
electrodes contained in the custom-built test cell. Images of
increasing pyocyanin concentrations were captured and
immediately followed with the acquisition of a square wave
voltammogram.** As different oxidised and reduced forms of
pyocyanin itself have different pigmentations,** HSI was
always performed prior SWV to capture images before any
sample modification could occur at that specific time point.
Since SWV took place at each time point as well, pyocyanin
produced could have undergone oxidation or reduction. In
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Fig. 2 Growth curve of P. aeruginosa over 24 hours. The Y-axis shows
optical density measured at 600 nm, normalised against the negative
control (LB only). Note that growth reaches a stationary phase at ~15
hours.
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that case, HSI was able to measure newly formed pyocyanin
more accurately whereas SWV assesses the overall production
diffused in the culture medium.

As extensive work has been conducted on pyocyanin
electrochemical detection, its purpose here serves as a basis
for interpretation of hyperspectral observations. Additionally,
its peak potential is distinct from possible common
confounding compounds,'>'>*> and is also distinguishably
detected in polymicrobial environments.*® The average SWV
current responses obtained for one order of magnitude are
depicted in Fig. 4a for trend visualisation and readability.
SWV responses for each concentration tested were
extrapolated into a dose response curve. An approximately
linear relationship was observed between pyocyanin
concentration and SWV peak current (Fig. 4b). One trend
noticed with calibration is the shift in potential at which the
pyocyanin peak occurs. This can be attributed to pH
dependent changes as demonstrated previously*® or use of a
quasi Ag/AgCl reference electrode rather than a fritted
system.*”*®

The calibration curve obtained for the HSI data, shown in
Fig. 3, reveals local maxima in the difference between the
responses at the highest and lowest concentration at the
wavelengths 395 nm, 638 nm, 703 nm, and 872 nm, with the
638 nm band corresponding to the centre of the main red
absorption band. These curves are derived from the mean
reflectance of known pyocyanin concentrations imaged in a
96-well plate placed on top of a Spectralon tile. Fig. 3b shows
the SNV with the mean LB reflectance subtracted. On this
plot, an ideal LB sample should be represented by a line with
a constant adjusted reflectance of 0. Deviations from this at
the edges of the spectrum are caused by sensor noise and
variation in the samples. Fig. 3c shows the response at 638
nm as a function of concentration. An exponential decay
curve of the form y = ae ”™ + d was fitted to this data. The
exponential curve was chosen to account for the diminishing
change in the spectrum as the solution approaches the
saturation point, in line with the Beer-Lambert law, which
states that the transmittance of a sample at a given
wavelength is a function of the exponential of its
concentration.” The constant term d accounts for the
reflectance. This curve fits the data with R*> value of 0.98
(Fig. 3c and S1t). The trend obtained for the SWV response is
in line with HSI results for each sample.

SWYV and HSI pyocyanin detection from P. aeruginosa
inoculum in a 96-well plate format

After defining pyocyanin detection profiles with SWV and
HSI, the growth of two strains of P. aeruginosa, PA14 and
LESB58, was monitored with both approaches to detect and
assess pyocyanin production. A transparent 96-well plate
format was used to optimise bacterial culture and sample
repeatability while allowing for higher throughput.
Hyperspectral images were captured from the 96-well plate
and wells were then sampled in sterile conditions for transfer

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Mean reflectance spectra of pyocyanin in LB at four concentrations. Error bars representing the standard deviation have been included

at 150 nm intervals, and a plot of the individual replicates can be found in Fig. S3.f (b) The same spectra normalised using SNV and baseline

subtraction. (c) Exponential curve fit to calibration data for 638 nm.

onto gold screen-printed electrodes for SWV. Time points
were chosen to ensure sufficient time for bacterial growth,
pyocyanin production and biofilm formation.'****%>!
LESB58, known to be the more virulent strain of the two
tested,”® produced on average more pyocyanin than PA14,>
when assessed at two initial seeding concentrations.

Pyocyanin standards and Pseudomonas spp. cultures were
in a background of LB medium. As reported,”® LB is a
complex culture medium which shows an intense oxidation
peak at 0.85 V. This peak is not reproducible across samples
and time, meaning the potential window of detection
considered will be between —0.7 V and 0.6 V since pyocyanin
and other signature metabolites are detected below 0.6 V.

For LESB58 samples (Fig. 5a), two overlapping peaks (peak
2) are initially present at -0.25 V, which do not exactly
overlap the pyocyanin standard (peak 1). Their amplitude is
proportional to the initial bacterial inoculation
concentration, the less concentrated samples at the level of
the control and the more concentrated at double the amount
of the control. After 24 hours, both LESB58 culture
concentrations have produced a culture medium containing
>2 mM pyocyanin as evidenced by the two peaks at —0.25 V
overlapping the pyocyanin standard curve. After 48 hours,
pyocyanin quantities have slightly decreased for the initially
less concentrated LESB58 samples and dropped at the higher
concentrations (Table S17).
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Fig. 4 (a) Average SWV current amplitude for pyocyanin solutions
from 0.5 mM to 10 mM (n = 3) (b) SWV peak amplitude response to
increasing pyocyanin concentrations between [-0.35: -0.15] V.
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Concerning PA14 samples (Fig. 5a), the less concentrated
samples show the presence of pyocyanin at the same
potential whereas PA14 samples at a higher concentration
exhibit a slightly shifted peak (numbered 2) in the same
potential region. After 24 hours, all PA14 samples contain
approximately 0.5 mM pyocyanin (peak 1). The less
concentrated samples have produced pyocyanin while the
more concentrated one has converted the most likely
precursor (phenazine-1-carboxylic acid) into pyocyanin.
Pyocyanin levels decreased after 24 hours.

Other possible peaks present (Fig. 5) can be attributed to
5-methylphenazine-1-carboxylic acid (5-MCA) around -0.1 YV,
a direct precursor of pyocyanin within the Pseudomonas
quorum sensing pathway: its presence testifies of bacterial
growth and communication between bacteria.>>** For PA14
samples, the Pseudomonas quinolone signal (PQS) is detected

. 43,54,55
around +0.2 V (Fig. 5).777% From square wave
% o Y
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Fig. 5 SWV evolution of two species of P. aeruginosa grown in a 96-
well plate. (a) LESB58 samples at two initial seeding concentrations
after (left) 0 h, (middle) 24 h and (right) 48 h. (b) PA14 samples at two
initial seeding concentrations after (left) 0 h, (middle) 24 h and (right)
48 h. Peaks numbered 1 are associated to pyocyanin and 2 to
pyocyanin precursors.
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voltammogram monitoring extrapolated into pyocyanin
estimations, PA14 and LESB58 show different behaviours in
terms of pyocyanin production: LESB58 samples showing
more pyocyanin production than PA14 (Table S1f),
confirming earlier reports.’> Furthermore, pyocyanin
production by both strains reflects previous reports of higher
production within the first hours of growth, followed by
either a plateau or decrease in pyocyanin production.** This
has been linked to P. aeruginosa exoproduct synthesis being
heightened to establish infection during acute phases,*
further evolving towards a decrease at chronic stages.’®
Overall, pyocyanin production trends were in agreement with
previous reports.*$°%37

The presence of pyocyanin detected by SWV correlates
with pigmentation observed in the HSI data, as shown in
Fig. 6. The pyocyanin absorption band centred around 638
nm can be clearly seen in the mean spectra for the positive
control samples, which is increasingly approached by the
spectra of the LESB58 samples over time. Two smaller
absorption bands at 395 nm and 872 nm that are present in
all samples are produced by LB. The 395 nm band overlaps
with an absorbance band in the UV range that increased over
time in the bacterial samples, and may be indicative of
biofilm growth. Further work is required to confirm the
source of this feature. Table 1 shows an estimation of the
quantity of pyocyanin in representative samples based on the
fit found for 638 nm of y = 0.49e™"73% 10,0089 to the 96-
well plate calibration data, as shown in Fig. 3. Estimated
values for PA14 before 48 h were lower than the error margin
of the method. Negative values were adjusted to 0.

Fig. 7 shows a heat map of the differential feature map F
for the 638 nm absorption band as calculated by eqn (3),

LB LESB58 OD600 =0.5 PA14 OD600 =0.5
PYO LESB58 0D = 1.0 PA14 0D =10
) t,
2 E 2 £
1 it 1 i3
0 ; 0 A
—~-1 -1 W
3
8 -2 2
8 400 600 800
@ 1 ‘8
0
7
2

Wavelength (nm)

Fig. 6 Time series of reflectance spectra for samples, compared with
the positive control (PYO) and negative control (LB), normalised using
SNV, with mean LB spectrum subtracted. There is clear indication of
pyocyanin production in LESB58 samples, with a lower initial
concentration in the ODggo 0.5 samples.
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Table 1 Estimated pyocyanin quantity using mean HSI calibration curve
at 638 nm in uM (mean of three replicates)

£=0 t=4h t=24h t=48h
LESB58 ODjgg 0.5 60.6 80.0 225.3 524.5
LESB58 ODgq0 1.0 160.8 153.6 283.5 544.2
PA14 ODgq 0.5 0 0 16.7 45.9
PA14 ODgg 1.0 0 0 28.3 48.3

showing an increase in the amount of pyocyanin over time
for the LESB58 samples, with initially greater production in
the centre of the well. Pyocyanin production in the PA14
samples was below the detection limit of this method. Four
small artefacts are visible around the centre of each well,
which are caused by specular reflection from the surface of
the liquid. These areas were omitted from the analysis.

The combined detection of pyocyanin through
electrochemical methods along with HSI has enabled the
reliable detection of P. aeruginosa presence through its
electroactive and pigmented biomarker. Furthermore,
pyocyanin quantities were detected within the clinically
relevant range.”’ However, differences in trends and
estimations were observed between both approaches, which
could result from the data acquisition angle and nature of
tested sample. It has been reported that biofilms form layers
and gradients.’® Imaging occurred from the top of the plate,
where the biofilm forms and the most oxygenated form of
pyocyanin, in its blue form, is the most concentrated.>
Contrastingly, SWV measurements were taken after pipetting
samples on screen-printed sensors, deposits being a mix of
biofilm and diffused pyocyanin in the medium, in its
transparent form as the growing biofilm gradually shields the
liquid medium from optimal oxygenation, which might
explain the diverging trends.

PYO 0.1 mM

PYO 1.0 mM

1
0.9
0.8
LESBS58 t, LESB58t,, LESBS58 t,, 07
0.6
0.5
0.4
PA14t, PA14t,, PA14t,, 03

i B 3k

Fig. 7 Spatial distribution of relative similarity to positive and negative
controls for samples of the LESB58 and PA14 strains at ODggo = 0.5 at
the start and after 24 and 48 h. Higher values indicate higher relative
spectral similarity to the positive control (pyocyanin in LB).
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The detection of pyocyanin relies only on the relative
absorption  of light representative
wavelengths, opening up the possibility of developing a low-
cost sensor that leverages the transmittance at those specific
wavelengths. Such a sensor would be limited to settings
where the presence of confounding pigments can be ruled
out, whereas HSI has the ability to distinguish between
spectrally distinct pigments.

over a few

Integrated P. aeruginosa biofilm detection in a custom-built
test cell

After calibrating with pyocyanin standards and confirming
detection in bacterial inoculum, EIS was used to demonstrate
the presence of biofilm formation when bacterial samples
were cultured in the custom-built test cell. Being able to grow
biofilms directly above the sensor and simultaneously
imaging the interface maintained the coherence of the
bacterial structure as much as possible for detection.
Limiting the number of samples per support minimised
movement and temperature disturbances.

EIS measurements were analysed but not presented at the
previous stage since biofilm integrity was disrupted by
sample pipetting from wells onto screen-printed electrodes.”®
SWV results shown in the ESIf showed more variability
between replicates and the likely presence of other metabolic
products than pyocyanin alone, with higher peak amplitudes,
suggesting that other metabolic pathways were favoured over
pyocyanin production. Pyocyanin metabolic precursors are
characterised by diverse and distinct pigmentation profiles.®
This could lead to an overall alteration of sample spectra,
however a response from the chosen detection wavelengths

12

—8—LB
—8—PYO
10 |—&— LESBS8 0Dy, =05

PA14 0D, =05

g
= 9
mo
al
2
0 —
0 24 48
Time (h)
(a)
Rt change (%)
24 VS to tag VS o4
LB +322.47 +85.9
PYO -47.7 +120.1
LESB58 ODgoo 0.5 -84.3 -61.5
PA14 ODsoo 0.5 -92.8 -47.3
(b)

Fig. 8 Electrochemical monitoring at 0, 24 and 48 h in the designed
custom-built test cell of biofilm growth of LESB58 and PA14 at initial
seeding concentrations of ODgop = 0.5. (a) Average charge transfer
resistance values over time, with percentage changes between two
subsequent time points reported in (b).
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from pyocyanin confirmed with electrochemical detection is
a confident validation. As the hyperspectral data focused on
pyocyanin and almost none was detected in the custom-built
test cell (Fig. S2t), the focus here was to detect biofilm
formation with EIS, as the direct correlation between these
two virulence factors still remains to be demonstrated.®

Nyquist plots (Fig. S4t) were fitted to a modified Randles
equivalent circuit.®” The evolution of LB across time was very
distinct from pyocyanin and P. aeruginosa samples (Fig. 8a),
which might result from a slow evaporation process
occurring over time. The pyocyanin standard exhibits a
decrease in charge transfer resistance (R.) over the first 24
hours followed by an increase over the next 24 hours, closer
to the behaviour of LB alone. Both bacterial strains display
identical R trends: a steep decrease within the first 24 hours
maintained at a slower rate over the next 24 hours (Fig. 8). It
appears that the initial R, value and its change over the first
time period could be specific to the P. aeruginosa strain,
reflecting the synthesis of electroactive secondary
metabolites, attributable to phenazine compounds or
Pseudomonas quinolone signal. A decrease in R, over time
has previously proven to be indicative of biofilm extent.”®
The biofilm is formed at the air liquid interface, more distant
from the electrode measuring area in this experiment than in
previous demonstrations, which likely explains the fewer
observed changes. Using the custom-built test cell to grow
and characterise P. aeruginosa biofilm, it was possible to
monitor biofilm formation in both strains using impedance
measurements. Biofilm formation occurred within the
timeframe of previously published work."” Further work is
required to establish whether a hyperspectral approach can
be used to differentiate between P. aeruginosa in biofilm and
in planktonic form.

EIS was chosen to enable surface assessment of the
electrode, useful for further transfer of the method to
bacterial biofilms where no redox mediators are produced,
having only tested our system with one of the ESKAPE
pathogens; P. aeruginosa, which is an outlier in this respect.
Further research is required to establish whether the
presented method will work with multi-species biofilms,
which are more reflective of clinical or even environmental
cases, for testing in later clinical samples.

In contrast to other spectroscopic methods that do not
have a spatial component, such as UV spectroscopy, HSI
can be used to gain an understanding of the spatial
distribution of metabolites produced by pathogens. Due to
diffusion through the liquid culture in relatively small wells
the differences seen in Fig. 7 are not pronounced, but
more distinctive distribution patterns may be found in
other settings. While of limited use in a clinical setting,
this approach may allow for further research to increase
understanding of how bacterial pathogens interact with
their environments and disperse over time, which may be
of interest in areas such as biofilm characterisation,
antibiotic  susceptibility testing, or medical device
infections.
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While HSI relies on large and expensive equipment,
identifying wavelengths that correspond to diagnostic
spectral features can allow the development of cheaper filter-
based MSI sensors that only capture the relevant
wavelengths. These sensors could be simplified and
miniaturised as electrochemical equipment is also prone to
integration and miniaturisation, outlining the perspectives of
detection and identification of specific microorganisms that
are frequent causes of infection and implementation at the
point of care.®* Additionally, the strategy presented could be
easily translated into low-cost mass-manufacturable screen-
printed electrodes, with small reagent and sample volumes.

Proposing an engineering scenario to serve clinical
purposes,®® our combined biosensing approach aligns with
future biofilm detection strategies highlighted by leaders of
the biofilm field.°® Despite an initial culture step, the
application envisaged could directly assess the patient/
clinical sample. Detecting biofilm growth directly from the
sputum of cystic fibrotic patients could be another
possibility to identify chronic infections caused by P.
aeruginosa,®” enabling additional surgery procedures to be
supplied where necessary and minimising the dangers of
antibiotic resistance.>* With the combination of the three
techniques, biofilm profiles could be added to a library to
quickly identify the most common pathogens and assess
treatment options. Having an “electrochemical fingerprint”®®
of various strains with a hyperspectral profile would allow
for quick identification and guidance for more time-

consuming and accurate sequencing  downstream
methods.>*®®®®  Adapting sample volume could help
bring biofilms closer to the electrode and reduce

differences in compound quantifications. Earlier and later
time points, as well as more frequent monitoring would
also bring a heightened understanding of biofilm dynamics
and formation by providing a full understanding of sample
behaviour. The combined detection by hyperspectral and
electrochemical methods provides more reliability and
confidence in the final result, saving time by avoiding the
need to perform an array of methods to evaluate treatment
options or anti-biofilm properties of pharmaceutical
compounds,® fast tracking infection treatment and drug
discovery processes. Finally, the combination of EIS with
HSI and SWV allows a full range of measurements capable
of metabolite detection and differentiation, identification
and biofilm growth assessment. While HSI characterises
pigmented secondary metabolites, SWV detects redox active
secondary metabolites. Having both sensing modalities
along with EIS to monitor biofilms provides a greater range
of sensing opportunities.

Conclusions

This study demonstrates that VNIR-HSI can be used in
conjunction with electrochemical methods to detect
pyocyanin within the clinically significant range for P.
aeruginosa, and furthermore that regression of key spectral
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bands may aid in the detection and characterisation of
Pseudomonas presence and growth through pyocyanin
production. The wavelengths at which the greatest
differentiation of pyocyanin is detected are outlined,
suggesting the possibility of developing a low-cost narrowband
sensor for detecting P. aeruginosa. SWV in conjunction
with EIS confirmed pyocyanin presence and quantity, as well
as biofilm formation over gold screen-printed electrodes in
an integrated custom-built test cell. Designing and validating
a method for combined use of these techniques with
reference to P. aeruginosa's well-documented tendency to
produce pigmented redox active compounds has the
potential to translate to a wider range of biofilm-forming
infectious pathogens in future. Finally, the nature of the two
technologies employed (HSI and electrochemical sensing)
means the system can be deployed in a range of formats,
including a platform to better study biofilm development and
for detection purposes at the point of care.
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