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Abstract

Biofilms are communities of bacterial cells encased in a self-produced polymeric
matrix that exhibit high tolerance toward environmental stress. Despite the plethora
of research on biofilms, most P. aeruginosa biofilm models are cultured on a
solid-liquid interface, and the longitudinal growth characteristics of P. aeruginosa
biofilm are unclear. This study demonstrates the real-time and noninvasive monitoring
of biofilm growth using a novel dual-chamber microfluidic device integrated with
electrochemical detection capabilities to monitor pyocyanin (PYO). The growth of
P. aeruginosa biofilms on the air-liquid interface (ALI) was monitored over 48 h, and its
antibiotic susceptibility to 6 h exposure of 50, 400, and 1600 pg/ml of ciprofloxacin
solutions was analyzed. The biofilm was treated directly on its surface and indirectly
from the substratum by delivering the CIP solution to the top or bottom chamber of
the microfluidic device. Results showed that P. aeruginosa biofilm developed on ALI
produces PYO continuously, with the PYO production rate varying longitudinally and
peak production observed between 24 and 30 h. In addition, this current study shows
that the amount of PYO produced by the ALI biofilm is proportional to its viable cell
numbers, which has not been previously demonstrated. Biofilm treated with
ciprofloxacin solution above 400 pg/ml showed significant PYO reduction, with
biofilms being killed more effectively when treatment was applied to their surfaces.
The electrochemical measurement results have been verified with colony-forming unit
count results, and the strong correlation between the PYO electrical signal and the
viable cell number highlights the usefulness of this approach for fast and low-cost ALI

biofilm study and antimicrobial tests.
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1 | INTRODUCTION

Bacteria play crucial roles in the ecological system. While they are
generally notorious for threatening human health and causing
significant losses in industries, their existence can be beneficial, such
as balancing gut health, purifying wastewater, maintaining soil
moisture, and so forth. It has been well-recognized that most
bacteria live in a community model known as biofilms instead of
acting alone as planktonic cells. Biofilm formation commences when
planktonic bacteria adhere to a surface and form irreversible
attachments. The anchored bacteria multiply and produce an
extracellular polymeric substance (EPS), gradually forming a complex
three-dimensional (3D) biofilm structure that matures over time,
which ensues infectious bacteria's dispersal to colonize other areas
(Ranganathan, 2014). Biofilm maturation promotes bacteria's com-
munication and enhances their tolerance against adverse conditions,
thus improving survival. In medical microbiology, biofilms are typically
involved in chronic persistent infections (Bjarnsholt, 2013). For
example, many chronic lung infections, such as cystic fibrosis, chronic
obstructive pulmonary disease, and bronchiectasis, are caused by
persistent Pseudomonas aeruginosa biofilms developed in the respira-
tory tract system (Jamal et al, 2018; Maurice et al., 2018). P.
aeruginosa is a pathogen that could establish a biofilm within 24 h and
progress to infection rapidly (Park et al., 2011). Ciprofloxacin (CIP) is a
broad-spectrum antibiotic effective against P. aeruginosa (Brazas &
Hancock, 2005).

Several in vitro models have been developed to study the
properties of biofilm and evaluate the efficacy of biofilm control
approaches. Some of these models include the microtiter plate
(Peeters, et al., 2008), the Center for Disease Control biofilm reactor
(Williams & Bloebaum, 2010), the rotating disk biofilm reactor
(Schwartz, et al., 2010), the Calgary Biofilm Device (Ceri et al., 1999),
and microfluidic devices (Kim et al., 2010). However, most of these
models are only limited to the culturing of biofilm on the solid-liquid
interface (SLI) despite biofilm being capable of developing on diverse
interfaces such as air-liquid interface (ALI), liquid-liquid interface
(LLI), and solid-air interface. The interface could affect critical
aspects that undermine biofilm proliferation, such as attachment,
nutrient uptake, and mass exchange. At least one study has
demonstrated that biofilm susceptibility to treatment likely differs
depending on whether they proliferate on ALI or LLI. Permeability of
the biofilms, for example, has been demonstrated to be different
between biofilms developed on ALl and LLI (Zhang, Silva, Young,
et al., 2022). Hence, selecting a suitable interface to develop efficient
biofilm-killing approaches is crucial. For example, the biofilm
formation in the respiratory tract system should be modeled as ALI
biofilm to reveal more accurate information for biofilm-caused
infections.

Several methods have been used to study biofilm's growth
profiles and viability (Azeredo et al., 2017). The colony-forming unit
(CFU), for example, has been used to determine the viable cell
numbers within biofilm samples (Emanuel & Lorrence, 2021).

However, analyzing the CFU is an end-point measurement and
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requires sacrificing the biofilm sample. This method of assessing
biofilm's viability is also time-consuming and requires large amounts
of reagents and consumables. Biofilm viability in-situ has also been
analyzed based on the presence of fluorescent proteins. However,
these methods must use genetically modified bacteria of selective
labels and requires expensive optical equipment.

Electrochemical monitoring is a sensitive technique that can be
used to detect biological substances in real-time (Sezgintiirk, 2020),
and these sensors can be broadly classified into two different types,
namely impedimetric/nonfaradaic and faradaic (potentiometric,
amperometric) transducers (Subramanian et al., 2020). Electrochemi-
cal detection of biofilm growth relies on the fact that bacterial biofilm
produces many molecules that promote communication and defend
the colony (Lau et al, 2004; Miller & Bassler, 2001; Willcox
et al, 2008). These molecules can undergo reversible redox
(exchange of electrons) reactions, which can be detected by
electrochemical methods. For example, P. aeruginosa species specifi-
cally produces the blue electro-active molecule pyocyanin (PYO),
which is a useful marker of cell viability and virulence (Lau et al., 2004;
Willcox et al., 2008; Zukovskaja et al., 2017). Existing work has
demonstrated that the concentration of PYO in the lung of cystic
fibrosis patients is very high (up to 100 uM) (Caldwell et al., 2009).
PYO can be measured by square wave voltammetry (SWV) over the
range of voltages where it is reduced by the following reaction:
[PYOlox + 2H* + 2e™ © [PYOleq (Webster & Goluch, 2012).

New advances in real-time in-situ electrochemical monitoring of
biofilm have been introduced in recent years, and many of them are
related to improving the sensitivity of this technique (Bai et al., 2018;
Erbay, 2016; Song et al., 2020). For example, new carbon
nanomaterial (e.g., carbon nano pods, carbon nanotubes, and
graphene) for the sensors has been introduced, along with the
different approaches to realize low-cost electrochemical sensors
(Subramanian et al., 2020). Other improvements in this area include
the design of microfluidic devices. Microfluidic devices have been
commonly used as bacteria cell culture platforms (Pérez-Rodriguez
et al., 2022) due to their simplicity for fabrication, low consumption
of reagents, and excellent control of experimental conditions. In
contrast, real-time biofilm sensing, characterization, and evaluating
treatment using microfluidic devices remain rare. Webster et al. (2015)
used a disposable three-electrode cell (Zensor TE100) in a micro-
fluidic chamber and studied the killing of P. aeruginosa biofilm using
different concentrations of antibiotic solution. In the study, the
biofilms were cultured on the SLI model, and information on the real-
time growth of P. aeruginosa biofilm on ALI remains scarce.

This study aims to investigate the growth characteristics of P.
aeruginosa biofilm developed on ALl and its antibiotic susceptibility
using the electrochemical detection method. A dual-chamber micro-
fluidic device integrated with three electrodes, using Conical carbon
nanofibers (CNFs) modified carbon electrode, Ag/AgCl wire and
platinum (Pt) wire as working electrode (WE), reference electrode
(RE), and counter electrode (CE), respectively, were designed and
developed. The dual-chamber device was designed to enable biofilm

to be cultured on the ALl and allows the antibiotic solution to be
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delivered to the biofilm via the top or bottom chamber of the
microfluidic device. Since PYO is a marker for P. aeruginosa's viability,
we hypothesized that the amount of PYO produced by bacterial cells
in the ALI biofilm is correlated with its viable cell number, and the
production rate may vary during its growth depending on the number
of bacteria that compete for the limited nutrient resource. Further-
more, we hypothesized that the antimicrobial effect of CIP solution is
concentration-related and different drug delivery approaches may

have different biofilm-killing outcomes.

2 | EXPERIMENTAL
2.1 | Device fabrication

Figure 1la illustrates the schematics of the dual-chamber microfluidic
design integrated with electrodes. The device consists of two layers
of polydimethylsiloxane (PDMS) films which form the top and bottom
chamber. There are two 3D-printed covers, one of which is
embedded with three electrodes. A porous membrane (Polyester,
hydrophilic, 0.2 um, Sterlitech) is sandwiched between the top and
bottom chambers and serves as the substratum for bacteria
attachment and biofilm development.

The 3D-printed covers and the moulds for casting the PDMS film
were designed using Creo software (PTC) and printed using the clear
resin on a Form2 stereolithographic 3D printer (Formlab Inc.). Freshly
printed parts were washed with isopropyl alcohol for 15 min and then
post-cured with ultraviolet radiation at 65°C for 1 h using the Form
Wash and Form Cure finishing stations (Formlab Inc.), respectively.
The three electrodes were embedded in the top cover, with three
groves with the dimensions of 1.5mm x 0.5 mm, 0.4 mm x 0.4 mm,
and 0.6 mm x 0.6 mm, for pasting carbon electrodes and placing Ag/
AgCl wire and Pt wires, respectively.

Carbon conductive cement (CCC; Electron Microscopy Sciences)
was used as a solvent-resistant adhesive to prepare the carbon

electrode. CNFs (Sigma Aldrich) were added to the CCC to modify
the electrical conductivity of the WE. To prepare the CNFs-modified
carbon (CNFs-C) electrodes, CNFs were dispersed in the CCC thinner
(6 mg/100 pl) agent by sonication for 5 min. Next, the suspension was
mixed with the CCC manually until a paste with a uniform texture
was obtained. The paste was then applied to the 3D-printed cover,
compressed, spread homogeneously using a spatula, and dried for
30 min at room temperature.

The top and bottom chambers were fabricated using PDMS by
3D printing microfluidic fabrication technique (Amin et al., 2016). The
3D-printed and UV-cured mould was spray-coated with Ambersil
PUR 400 release agent (CRC Industries UK Ltd., Corning) before
pouring the PDMS into it to protect the mould surface and assist with
the PDMS removal after the curing process. The PDMS base and
curing agent (Sylgard 184; Dow Corning) were mixed at 10:1 w/w
and degassed using a vacuum desiccator chamber before and after
being transferred into the moulds and subsequently cured at 65°C for
3 h. The dimension of the chamber is 6 mm (length) x 1 mm (width)
x 1 mm (height).

2.2 | Device assembly

The assembled device is shown in Figure 1b. Reversible mechanical
bonding of the multiple layers was achieved by four screws and nuts
positioned around the perimeter of the flow chamber to secure the
alignment of the layers and interfaces between the two chambers.
The Pt wire (99.9% purity, 250 um diameters; Sigma Aldrich) and the
sintered Ag/AgCl wire (203 um diameters; A-M System) were
embedded into the grooves on the top cover.

22 G blunt needles (Livingstone) closed with a plastic cap were
inserted into the inlets of the chambers, and 22 G stainless-steel
couplers (Livingstone) connected with Tygon tubing (1.59 mm OD
x0.51 mm ID; Darwin Microfluidics) were inserted to the outlets of
the chambers. The other end of the Tygon tubing was connected to

(@)
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PDMS film . = WE

(top chamber) P T CE

Membrane . = 3 .
S 2mm

PDMS film £

(bottom chamber)
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o F |Iterﬂ—.

.. Waste reservoir .
1mm

FIGURE 1 (a) The construction of three electrodes integrated dual-chamber microfluidic design. (b) The assembled device for biofilm culture

and electrochemical detection. PDMS, polydimethylsiloxane.

| WOy papeojumod '€ ‘€202 ‘0620.60T

85U8917 SUOWIWLOD AITERID 9|qedl|dde 8y Aq peusenoh ae sajoie O ‘sn Jo Seni I0) Ariq i auluQ A8|IM UO (SUONIPUOD-PUR-SWLIBIOY" A 1M Ae.q 1 Bul|uo//:Sd1y) SUONIPUOD PUe SWB 1 8U) 89S * [7202/90/02] UO A%iq1TauljuQ A8|IM ‘|19UN0D UyoIeasay [eaIpe A puy YlfeeH feuolieN Aq 8828Z1110/200T OT/I0p/Wod A3 | 1M



ZHANG ET AL.

the waste reservoirs via fittings (IDEX). A 0.4 um sterile filter (0.4 um
PTFE, 25 mm; Simplepure) was connected to each waste reservoir to
maintain the bottle's atmospheric pressure and ascertain a sterilized
environment. Epoxy glue was applied to prevent any opening around
the needles and electrodes in the assembled devices.

2.3 | Electrochemical performance of the
dual-chamber microdevice

Electrochemical PYO detection was performed using CNFs-C, Pt, and
Ag/AgCl electrodes as the WE, CE, and RE. Phosphate-buffered
saline (PBS, Sigma Aldrich) was used as the supporting electrolyte for

electrochemical analysis by the CNFs-C electrode.

2.3.1 | Optimization of the CNFs-C electrode
composition

To optimize the electrochemical performance of the CNFs-C
electrode for PYO detection, the CNFs content was varied by mixing
CNFs and CCC at different mixing ratios (mg/mg): O (CCC only),
6:100, 12:100, 18:100, and 24:100, and the obtained response
currents were evaluated. SWV was performed to analyze the
electrochemical performance of the electrode. SWV was chosen
due to its sensitivity in detecting the electrochemical peak of PYO
compared with other voltammetric and amperometric techniques
(Webster et al., 2015). The voltammograms were obtained for 10 uM
PYO (Sigma Aldrich) solution in PBS and the blank (supporting
electrolyte, PBS) solution. Approximately 100 pl solution was injected
into the top chamber. The potential was scanned using a PGSTA204
potentiostat (Metrohm Autolab) following a staircase function
combined with a small potential pulse at each step. SWV was
performed within -0.5 to 0.2V potential range with 5mV step
potential, 50 mV modulation amplitude, 15 Hz frequencies, and at a
0.067 s time interval. The increase in the peak current (peak height;
Ipa) such that it becomes more distinct and apparent with modified
electrodes was investigated. Two devices were assembled with each
composition, and each device was scanned three times. The CNFs-C
electrode with optimized composition was then used for further
experiments.

2.3.2 | Electrochemical quantification of PYO by
CNF-C electrode

The CNFs-C electrode was calibrated to be used for PYO
quantification. SWV described in Section 2.3.1 was performed for
solutions with varying PYO concentrations ranging from 1 to
100 uM. The PYO oxidation peak current values (I,,) were then
plotted against the PYO concentration (Cpyo), and this information
was subsequently used to quantify PYO excreted by the ALl P.
aeruginosa biofilm in the study. Two dual-chamber microfluidic

BIOTECHNOLOG WILEY 705
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devices integrated with optimized CNFs-C electrodes were used

for the test. The dilution series was repeated twice, and each

concentration was measured in triplicates.

2.4 | Device inoculation and biofilm culture

Before inoculation, all the components were assembled aseptically in
the biosafety cabinet and sterilized using the autoclave (121°C/
20 min). P. aeruginosa (PAO1, ATCC 15692, American Type Culture
Collection [ATCC]) from frozen stocks were grown on agar plates for
16-18h at 37°C. The liquid preculture was prepared by transferring
one P. aeruginosa colony into 1 ml of Cation-adjusted Mueller-Hinton
Broth (CaMHB; BD Biosciences), incubated for 16-18 h at 37°C, and
shaken at 200 rotations per minute (RPM). The overnight preculture
was diluted at 1:30 v/v in fresh media, incubated for 2 h at 37°C, and
shaken at 200 RPM to make an inoculum with ODggo = 0.4 (Zhang,
Silva, Traini, et al., 2022). The consistency of the inoculum size was
verified by viable CFU counts. After removing the caps of inlet
syringe needles, approximately 100 pl inoculum and 100 ul CaMHB
media were loaded into the top chamber and bottom chamber,
respectively, at a flow rate of 100 ul/min using the syringe pump
(Chemyx Fusion 200; Chemyx Inc.). After loading the bacteria and
media, the inlets were closed with caps, and the device was placed in
the incubator at 37°C for 2 h to allow planktonic bacteria to attach to
the membrane.

After bacteria attachment, the inoculum in the top chamber was
replaced by the air injected from the top chamber inlet at a flow rate
of 100 ul/min for 5s. Subsequently, the ALl was created for biofilm
growth, and the device was placed in the incubator at 37°C for

biofilm formation for 48 h.

2.5 | Antibiotic treatment

To assess the susceptibility of the ALl biofilm to CIP solution and
investigate the efficacy of the two different drug delivery routes (top
chamber exposure and bottom chamber exposure, respectively), after
48 h growth on AL, the culture media in the bottom chamber was
flushed from the chamber, followed by injecting approximately 100 pl
antibiotic solution into the top chamber or the bottom chamber at a
flow rate of 100 ul/ml. A stock solution of CIP was prepared in PBS,
and working solutions 50, 400, and 1600 pug/ml were freshly
prepared by diluting the stock in PBS. The antibiotic concentration
range was selected based on our previously published study (Zhang,
Silva, Traini, et al, 2022), which covers the minimum biofilm
eradication concentration (MBEC) of CIP solution for treating 48-h
old ALI biofilm cultured using the dual-chamber microfluidic device
under the static condition. The control group was treated with PBS
solution (O pg/ml). After the solution was injected into the chamber,
the device was placed in the incubator at 37°C for 6h. The
electrochemical measurement of PYO and CFU counts was con-

ducted after 6 h exposure.
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2.6 | Electrochemical monitoring

Electrochemical measurements of PYO were performed at different
time points (6, 24, 30, and 48 h) during biofilm growth and after 6 h
antibiotic treatment. The SWV method described in Section 2.3.1 was
applied to perform the measurements. Before bacteria inoculation, the
top chamber was loaded with PBS solution, and the measurement was
performed as blank control. After 2h, the ALl was established for
biofilm growth, and the SWV measurement was conducted at 6, 24,
30, and 48 h. At the time of measurement (Figure 2), the culture media
in the bottom chamber was pushed out of the chamber using a syringe
and approximately 100 ul PBS solution was injected into the top
chamber at a flow rate of 100 pl/min. After the top chamber was filled
with PBS solution, the device was turned upside-down and kept
stationary for 15 min in the incubator at 37°C before PYO quantifica-
tion by SWV. After the SWV measurement, the PBS solution in the top
chamber was pushed out from the top chamber at a flow rate of
100 wl/min, and approximately 100 ul CaMHB media was filled into
the bottom chamber. Subsequently, the same device was continuously
monitored and was treated the same way before SWV measurement.
The electrochemical monitoring of ALI biofilm growth was repeated
with 36 samples (6 technical replicates x 6 biological replicates).

For the detection of PYO after 6h of antibiotic solution
exposures, the bottom chamber was emptied using a syringe and
approximately 100 ul of PBS solution was injected into the top
chamber at a flow rate of 100 pl/min, and the PYO concentration was
measured after the dual-chamber device was turned upside-down
and kept still for 15min in the incubator at 37°C. The test was
repeated six times (3 technical replicates x 2 biological replicates) for

each antibiotic solution concentration.

2.7 | Biofilm viable cell number count

The production of PYO is correlated with the number of viable P.
aeruginosa cells within the biofilm. Thus, the viable bacteria cell

number within the biofilm after 6, 24, 30, and 48 h of growth,
followed by 6 h of antibiotic exposure was analyzed using CFU
count (Zhang, Silva, Traini, et al., 2022). At the time of sample
collection, the membranes with the biofilm samples were picked
up from the device, rinsed with 1 ml sterile PBS, and then
transferred to a tube containing 1 ml of sterile PBS for 280s
sonication at 47 kHz and 1.8 W/cm? to dissolve biofilm bacteria
in solutions. Ten-fold serial dilutions of the PBS sonicated
bacteria suspensions were performed in sterile PBS, plated on
LB agar (Sigma Aldrich) plates, and incubated at 37°C for 16-18 h.
Viable colony counts were calculated using the following
equation:

N x 10

CFU/ml = =5, (1)

where N represents the colony number and D represents the number
of 1:10 dilutions. The biofilm viability experiments were repeated
three times using different batches of inoculum, and three samples
were collected in each batch. The test for each condition was
repeated six times (3 technical replicates x 2 biological replicates).
The rationale for the calculation method is that the analysis of the
viable biofilm cell number can be consistent with a previous work
(Zhang, Silva, Traini, et al., 2022) to provide a meaningful comparison
between ALl biofilms cultured under different environmental

conditions.

2.8 | Statistical analysis

Unless otherwise stated, the experiments were performed in six
replicate. Data are expressed as mean*standard error of the
mean and significance of difference between mean values was
determined by unpaired t-test or one-way analysis of variance
(ANOVA) for two or three groups of data, respectively. Data sets with
a p < 0.05 were considered as significantly different. All the statistical
analysis was performed using GraphPad Prism 7.0.

(a) Turn ypside-down and _ (b)
remain stagnant for 15 min

)

I [ ) 1 [ _
Air biofi
Top jofilm Bottom
chomber | e () chamber
L Porous |
Membrane W ]

Bottom T o ° . ) Top
chamber Liquid media biofilm — o e * PBS chamber
— | . —to " . -

/
PYO CE WE RE
molecular

FIGURE 2 (a) lllustration of biofilm developed on ALI using three electrodes integrated dual-chamber microfluidic device. (b) Illustration of
the PYO detection of ALI biofilm using three electrodes integrated dual-chamber microfluidic device. ALI, air-liquid interface; CE, counter
electrode; PBS, phosphate-buffered saline; PYO, pyocyanin; RE, reference electrode; WE, working electrode.
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3 | RESULTS AND DISCUSSION

3.1 | Optimization of the CNFs-C electrode
composition for PYO detection

The effects of the electrode composition on the PYO oxidation peak
current were determined using WEs prepared with five CNFs: CCC
(w/w %) percentages, 0%, 6%, 12%, 18%, and 24%, respectively.
Figure 3a shows that the PYO oxidation peak appeared within the
range of -0.4 to -0.2V with all the CNFs-C electrodes. This result
corresponds well with the study of the voltammetric behavior of PYO
using the commercial available and disposable three electro cell
(Zensor TE100) (Webster et al., 2015). This suggests that the
electrodes integrated with the dual-chamber microfluidic device
can detect PYO and can produce accurate measurements that match
with existing work. It has been reported that CNFs modified CCC
materials retain their properties very well in aqueous media despite
prolonged contact time (Gholizadeh et al., 2021). Moreover,
compared with commercial electrodes, the carbon electrode's
composition can be modified to improve the sensitivity of the
measurement, and the ease of manufacturing the electrodes also
enables them to be incorporated in other locations of the device to
allow for flexibility in design.

The response oxidation peak currents (I,,) were obtained after
baseline correction, with the result shown in Figure 3b. One-way
ANOVA was used, and significant differences between the average
peak currents of the CNFs modified electrodes and the electrodes
made with pure CCC were determined. The statistical analysis shows
that when detecting the same concentration of PYO (10 uM), the I,
value obtained by electrodes containing 18% CNFs in the composi-
tion is the highest (I,,=0.054+0.024pA) and is significantly
different (p < 0.05) compared to the pure carbon electrode. It shows
that the current peak detected by the electrodes made with CCC is
the lowest (I, =0.028 +£0.014 pA) compared with other electrodes

—~
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0.08-
= — 6% CNFs
é 0.06 — 12% CNFs
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3 24% CNFs
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-0.4 -0.3 -0.2 -0.1
Potential vs. Ag/AgCI (V)
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mixed with CNFs. The I, value gradually increases with the increase
of the CNF ratio until it reaches 18%. This demonstrates that the
excellent electrical conductivity of the conical CNF improves the
electrochemical
et al., 2021). However, the subsequent addition of CNF in the
electrode composition to 24% did not further improve its perform-

performance of the electrodes (Gholizadeh

ance. This could potentially be related to the poor homogeneity of
CNFs content on the CCC adhesive, and a high localized concentra-
tion of CNF has been demonstrated to negatively affect the electrical
properties of the electrodes (Gholizadeh et al., 2021). Therefore, the
maximum peak current was observed for the CNF-C electrode with
18% CNFs and this electrode composition was used for all
subsequent experiments. It is also observed that the PYO oxidation
on the CNFs-C electrode occurs at 0.3+ 0.05V potential for all the
electrodes tested.

3.2 | Electrochemical quantification of PYO by
CNFs-C electrode

The optimized CNFs-C electrode was calibrated to quantify and
monitor PYO excretion from biofilms developed under ALl condition in
the dual-chamber microfluidic device. Figure 4a presents the square
wave voltammograms obtained from the optimised CNFs-C electrode,
showing that the PYO oxidation peak consistently appears within the
potential range of -0.4 to -0.2V and the value of peak current I,
increases as the PYO concentration increases. Each concentration's
averaged peak current value was calculated (N = 6), and the depen-
dence of PYO oxidation peak current on PYO concentration was
determined and illustrated in Figure 4b. A linear relationship
(R% = 0.998) between the two parameters (Ipa and Cpyo) was obtained
within 1-100 uM concentration range, which was subsequently used
as the calibration reference for the real-time quantification of PYO

excretion during the growth of biofilm under ALI condition.
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FIGURE 3 Optimisation of the CNFs-modified carbon electrode's electrochemical response for voltammetric PYO detection, where
electrodes prepared with different CNFs: CCC (w/w) % were tested for measuring 10 uM PYO in PBS (pH 7). Square wave voltammetry was
performed from -0.5 to 0.2 V at a frequency of 15 Hz and an amplitude voltage of 50 mV. (a) Representative voltammograms for each electrode
tested; (b) comparison of the oxidation peak currents (I,,) observed in the voltammograms (N = 6, mean + SEM). A significant difference from the
electrode with pure CCC (0%) is indicated (*, p < 0.05; ns, not significant). CCC, Carbon conductive cement; CNF, carbon nanofiber;

PYO, pyocyanin.
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FIGURE 4 (a) Square wave voltammograms of series dilution of PYO in PBS (pH 7) from 1 to 100 uM using the CNFs-modified carbon (18%)
electrodes integrated dual-chamber microfluidic device. (b) The analysis of the dependence of PYO oxidation peak current (N = 6) to PYO
concentration in PBS (pH 7). Square wave voltammetry was performed from -0.5 to 0.2 V at a frequency of 15 Hz and an amplitude voltage of
50 mV. Cpyo, concentration; I,,, peak current of PYO in PBS. Error bars represent the standard deviation of the mean for six samples. PBS,

phosphate-buffered saline; PYO, pyocyanin.

3.3 | Monitoring the growth of ALI biofilm

Optimizing the design of the microfluidic device such that it has a
controlled environment to recapitulate how biofilms strive and develops
to maturity in ALl realistically has been reported in the authors’ previous
study (Zhang, Silva, Traini, et al., 2022), where biofilm samples have been
characterized by CFU count, crystal violet staining and microscope
imaging. To quantify electro-active PYO molecules produced by P.
aeruginosa biofilm during growth under ALI condition in the dual-chamber
microfluidic device, SWV was conducted at 6, 24, 30, and 48h
postseeding. Figure 5 shows the obtained voltammograms at each time
point of the P. aeruginosa biofilm growth. The PYO oxidation peak was
observed in the obtained voltammograms at all time points of the
measurement, suggesting the continuous growth of the bacteria in the
device, forming a biofilm under stationary ALl condition and producing
PYO during growth. The change in the oxidation potential (where the
peak current was measured) is likely related to that the surface potential
of the Ag/AgCl RE has varied slightly because of their exposure to the
test solution. A similar observation was reported in an existing work
where a slight change in the surface potential of Ag/AgCl RE during
detection has been demonstrated (Shinwari et al., 2010).

The peak current of each measurement was converted to PYO
concentration using the linear equation obtained in Figure 4, and the
accumulated production of PYO during the growth of ALI biofilm was
analyzed and reported in Figure 6a. The data were analyzed using an
unpaired t-test and compared to the control group (device inoculated
with PBS), a significant difference (p < 0.0001) was observed across the
measurements at all time points. Results show that PYO increased
throughout the 48h growth period. To investigate how the PYO
production rate may have changed during the growth period, the
averaged PYO production rate (the production of PYO per hour) at
different phases of the biofilm growth was calculated, and the result is

15
— BIk (PBS)
1— eh
~ 14— 24h
1
S 30h
c
e — 48h
3 0.5
(& ]
0.0
) : .
0.4 -0.3 -0.2

Potential applied vs. Ag/AgCI (V)

FIGURE 5 Representative SWV scans of pyocyanin produced by
PAO1 during culture under air-liquid interface condition in the dual-
chamber microfluidic device at 6, 24, 30, and 48 h. SWV scans were
performed from -0.5 to 0.2V at the frequency of 15 Hz and an
amplitude voltage of 50 mV. PBS, phosphate-buffered saline;

SWYV, square wave voltammetry.

shown in Figure 6b. One-way ANOVA was used, and significant
differences were demonstrated between the averaged PYO production
rates during the initial 6 h and all the subsequent growth phases. Results
from the current study show that, during the initial 6h, the PYO
production rate was approximately 9 uM/h. As the biofilm proliferated,
the PYO production rate increased significantly and reached a maximum
value (30 uM/h) between the 24 and 30h growth phase. However,
between the 30 and 48 h growth phase, the production rate reduced to
10 uM/h, and this is not significantly different from the production rate at
the initial growth phase (0-6 h). It has been reported that PYO production
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FIGURE 6 (a) The accumulated production of PYO detected by the electrochemical method at various time points. The significant difference
compared with the blank control group (unpaired t-test) as indicated (****p < 0.0001). (b) The production rate of PYO (Rpyo) during different
growth phases. The significant difference compared to the production rate at the 0-6 h growth phase (one-way ANOVA) as indicated

(****

variance; PYO, pyocyanin.

is closely related to the biofilm's metabiotic status and viability (Allen
et al., 2005). Our results show that biofilm grown under the ALI condition
in the microfluidic device constantly produces PYO, and the production
rates varied during a 48h growth period. The exact cause of the
variability in the PYO production rate is unclear and could be related to
several plausible reasons. For example, biofilm formation starts with
planktonic cells attached to the porous membrane when culturing biofilm
on ALl using the dual-chamber microfluidic device. The defined amount
of culture media in the bottom chamber provides nutrients for the
biofilm's development. At the initial stage of biofilm formation, the
number of bacteria competing for this limited nutrient resource is
relatively low; thus, the biofilm can proliferate much faster, represented
by the high PYO production rate during this period. However, as the
nutrients deplete over time, the metabolism of the biofilm decreases, with
some bacteria potentially becoming dormant (Akiyama et al., 2018;
Stoodley et al., 1998), resulting in the reduced PYO production rate as
demonstrated through this current work.

Living P. aeruginosa cells constantly produce PYO during the
formation of biofilm (Lau et al., 2004). To further investigate the
relationship between the viable cell number in the biofilm and the
production of PYO, samples after 2 h attachment and 6, 24, 30, and
48 h growth were collected. The viable bacteria cell numbers were
determined using the CFU count method, and the analyzed results
are shown in Figure 7. The CFU number of the various collected
samples (see Figure 7a) shows that the older the biofilm, the more
viable cells and viable cell numbers it contains. One-way ANOVA
was used to compare the CFU number of the biofilm samples
with the CFU number of attached cells for initiating biofilm
formation. A statistically significant difference was observed after
24 h growth.

To further investigate the cell proliferation rate, the average
increase in bacteria per hour during different growth phases was

calculated using Equation (2), and the result is shown in Table 1

p < 0.0001; ns, not significant). Error bars represent the one standard deviation of the mean for 36 samples. ANOVA, analysis of
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FIGURE 7 The CFU number of various ages of biofilm samples
(Ncgu). Significant difference compared with the attachment group
(one-way ANOVA) is indicated (**p < 0.01; ***p < 0.001; ****p < 0.
0001; ns, not significant). Error bars represent the one standard
deviation of the mean for the six samples. ANOVA, analysis of
variance; CFU, colony-forming unit.

Bacteria prolifieration rate
_ Averaged Ncryli) - Average Ncryl(i - 1) (2)
TMH-TG-1) ’

wherei represents the sample collection time point, and T(i) is the
age of the biofilm sample.

The data shows that the biofilm bacteria proliferation rate starts
with 3.2x10° CFU/h during the initial 6h growth, and a similar
proliferation rate was observed between the 6 and 24 h growth
phase. The proliferation rate increased by close to three-fold and
reached a maximum value (8.9 x 10° CFU/h) during the 24-30h
growth phase. The proliferation rate slowed and dropped to
2.6 x10° CFU/h between the 30 and 48 h growth phase. It can be
observed that the growth trend of the bacteria proliferation rate
aligns with the trend of the PYO production rate, as demonstrated in
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TABLE 1 The averaged biofilm bacteria proliferation rate of 900
various growth periods pro=4.28><10_6NCFU+8.1
Growth period Bacteria proliferation rate (CFU/h) R2=0.9937
Attachment -\6 h 3.2x10° __ 600+
= 48h
6-24h 3.0x10° = ]
[e]
24-30h 8.9 x10° &
o 300
30-48h 2.6x10°
Abbreviation: CFU, colony-forming unit. 1
0_
0
: . T T T T
Figure 6b. The above strongly suggests that the production rate of 0 5 10 15 20

PYO correlates to biofilm bacteria cells’ proliferation rate.

To further determine if the production of PYO is proportional to the
viable bacteria cell number, a scatter plot (Figure 8) was obtained using
the average value of CFU number of biofilm samples collected at different
time points and the averaged accumulated PYO concentration deter-
mined at the corresponding time point. As shown in Figure 8, a linear
trend (R? =0.9937) was established, providing evidence on the propor-
tional relationship between the amount of PYO produced by bacterial
cells in ALI biofilm and the number of viable cells. In addition, it is usually
very challenging for conventional microscale models and techniques to
control biofilm development due to their inability to control environ-
mental conditions (Pérez-Rodriguez et al., 2022). Microfluidic devices can
provide tighter control over environmental factors (Pousti et al., 2018).
The strong reproducibility in bacterial detection reported in this study
suggests that the microfluidic device, including the approach to
monitoring biofilm development in real-time and noninvasively using
the electrode chemistry technique, is a potentially robust method to shed
useful insights on the mechanisms of biofilm development and their

eradication.

3.4 | Antibiotic susceptibility

To study the antibiotic susceptibility of ALI biofilm in the microfluidic
device, biofilms established in the device after 48 h culture were
exposed to CIP solutions of various concentrations (50, 400,
1600 pg/ml), with 400 pg/ml being the MBEC for ALI biofilm, as
demonstrated in a previous study (Zhang, Silva, Traini, et al., 2022).
To further investigate the biofilm eradication efficacy, the antibiotic
susceptibility tests were conducted by applying CIP on the biofilm
sample in two different ways of treatment. First, the antibiotic
solution was injected into the top chamber, with biofilm submerged
in the antibiotic solution. The second option was to inject the
antibiotic solution into the bottom chamber, where the antibiotic
solution passes through the membrane's pores and diffuses into the
biofilm matrix. The top chamber exposure of drugs may infer a drug
that has been directly deposited on the surface of the biofilm via
pulmonary delivery, while bottom chamber exposure of the drug
could loosely infer intravenous or oral administration, with the drug in
the systemic circulation, passing through the biological barriers to

reach the biofilm site. After 6 h exposure for both treatment ways,

Ncry (x 107)

FIGURE 8 Scatter plot of the average value of CFU number
(Ncry) of various biofilm ages samples and their corresponding PYO
production (Cpyo). Error bars represent the standard error of the
mean for 36 samples. CFU, colony-forming unit; PYO, pyocyanin.

the PYO concentration was measured by the electrochemical
technique, and the viable cell number was also obtained using the
CFU count method. Data was presented using the percentage of the
antibiotic-treated sample's value compared with the growth controls’
value in the same conditions. Data presented in CFU/ml is provided
in the supplementary. It can be observed from the CFU count result
(Figure 9a) that CIP induced a concentration-dependent decrease for
the biofilm in both drug delivery approaches. When the data were
analyzed using one-way ANOVA, which compared the CFU number
of antibiotic (C¢jp =50, 400, 1600 pg/ml) treated biofilms with the
control group (Ccip=0pg/ml), statistically significant differences
were observed for 400ug/ml (p<0.01) and 1600 pg/ml
(p <0.0001) CIP solutions. Unpaired t-tests were conducted to
compare the data between two different drug delivery approaches
using the same CIP concentration. The analysis showed that the
percentage of viable cell numbers left in biofilm after exposure to the
CIP solution via the top chamber was significantly lower (p < 0.001)
than those contacted with the CIP solution delivered from the
bottom chamber of the microfluidic device. The above infers that
direct drug deposition on biofilm sites is at least three times more
effective than indirect drug exposure. This suggests that considering
the biological barrier of epithelial cells and blood vessels, systemic
drug delivery (via oral or intravenous administration) is likely
challenging and less effective in treating pulmonary infections
compared to pulmonary drug delivery, where drugs can be in contact
with the infection region when administered directly.

The electrochemical measurement result is displayed in
Figure 9b. One-way ANOVA was conducted to compare the PYO
concentration of antibiotic (Ccp =50, 400, 1600 pg/ml) treated
biofilms to the control group (Ccip =0 pg/ml). A statistically signifi-
cant reduction in PYO production can be observed after being
treated with CIP solution using both drug delivery approaches.
However, the reduction of p value was only found in the top chamber
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FIGURE 9 Comparison of biofilm killing effect of CIP (50, 400, and 1600 pg/ml) for 6 h exposure on 48 h-old biofilms cultured on ALI.
Antibiotic exposure was performed either from the top chamber or the bottom chamber of the microfluidic device. (a) CFU counts; (b)
electrochemical measurements of PYO production by the bacterial cells in biofilms at different time points of exposure to CIP. The significant
difference is shown for the indicated comparison (N = 6, mean £ SEM; *p < 0.05; **p < 0.01; ****p < 0.0001; ns, no statistical significance). CFU,

colony-forming unit; CIP, ciprofloxacin; PYO, pyocyanin.

exposure between 50 pg/ml and higher concentrations, and no p
value variance was shown when the CIP concentration increased in
the bottom chamber exposure. The unpaired t-tests were conducted
to compare the data between two different drug delivery ap-
proaches; however, unlike the CFU counting results shown in
Figure 9a, no statistically significant difference was found. A possible
reason for the above is that although a significant number of bacteria
has been killed when exposed to the antibiotic solution, there could
still be persister cells that exhibit high resistance against antibiotics
which may produce PYO at a higher rate. The above has been known
to be coordinated by quorum sensing to increase the viability of the
community to survive under environmental stresses (Bhargava
et al., 2014; Castafieda-Tamez et al., 2018). In addition, it can be
observed that, unlike the biofilm growth process, there is no direct
correlation between the results obtained from CFU count and PYO
electrical measurement upon treating the biofilms with the antibiotic.
Therefore, while our established method can be used as an adjuvant
to already established methods, it should not be used independently
to determine a compound's activity against biofilm bacteria.

Indeed, results from our previous study show that the biofilm
cultured using the exact same protocol described in this study is
condensed, thick, and has very low permeability. The biofilms
demonstrate extremely high resistance to the CIP solution, such that
even 1600 pug/ml CIP solution cannot completely eradicate the
biofilm. It is well known that bacteria in biofilm are 100-1000 times
more tolerant to antimicrobials than corresponding planktonic cells
(Hoyle & Costerton, 1991; Olsen, 2015). Also, biofilm-associated cells
grow significantly slower than planktonic cells and, as a result, can be

slower in taking up antimicrobial agents (Donlan & Costerton, 2002).

We also believe that the biofilm's resistance to antibiotics is related
to the function of EPS, which present a diffusional barrier that delays
the penetration of antimicrobial agent through the biofilm matrix
(Donlan & Costerton, 2002; Suci et al., 1994).

4 | LIMITATIONS

Despite the new findings obtained in this study, there are several
inherent limitations in the experimental study design that may be
considered when interpreting the results. A limitation of the study is
that some bacteria may have attached to the WEs during inoculation,
which may have affected measurement accuracy. However, consid-
ering that the bacteria attached to the electrode has no access to
nutrient resources and that the electrode's surface area is relatively
small (16% of the membrane surface for ALI biofilm growth), the
impact of bacteria growth on the electrode is likely negligible, and
unlikely to change the outcome of the observations reported.
Second, this study cultured the ALI biofilm on a porous membrane
without considering the effects of mucus and mucociliary clearance.
During lung infection, biofilm resides within the thick mucus layers on
the pulmonary epithelial cells with reduced mucociliary clearance
(Loo et al., 2018). Future work to study the above using the dual-
chamber device demonstrated in this current study is highly feasible.
It would enable the establishment of a P. aeruginosa biofilm and
human epithelial cells co-culture model to study lung infection in a
physiologically realistic environment. Third, the biofilm samples
investigated were developed under static conditions. However,

biofilms are usually developed in a dynamic flow environment.
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For example, biofilms developed in the lung are constantly subjected
to airflow, and the shear stress induced by airflow in the lung may
vary among different patient groups. Hence, it is worthwhile to
investigate the properties of biofilm by including a wider range of
flow conditions to study biofilm growth and to help develop a more
targeted treatment solution. Fourth, in testing the efficacy of
different drug delivery approaches, the current study used an
antibiotic in solution, which is nonrealistic, albeit providing the first
insights into the complex interaction between CIP and PYO.
Aerosolised antibiotics have been normally developed to target
respiratory tract infections, future work should further investigate
emulating the realistic delivery of aerosolized formulations to the
biofilm to evaluate efficacies in treating pulmonary infections by the
proposed device. In addition, while this study has validated the PYO
measurement using viable cell number count, a more comprehensive
and detailed validation on the use of electrode chemistry technique
presented in this current work to detect PYO in real-time is
warranted. This is, however, beyond the scope of this current work,
as this research aims to investigate how PYO changes in real time
without disrupting the biofilm. Furthermore, it would be useful to
study the biofilm surface adsorption and bacteria's natural deposition
longitudinally, but these are difficult to realize without disrupting the
biofilm, and doing so would not be in line with the goal of this current
work. There is clear merit to develope markers and their relevant
electrodes and sensors to monitor these biofilm properties non-
invasively in future. Finally, it should be noted that PYO production
likely varies depending on the strain of P. aeruginosa used. In this
study, we tested the PYO production of PAO1, and what applies to
PAO1 may not necessarily apply to other strains.

5 | CONCLUSION

A novel dual-chamber microfluidic device intergraded with electroche-
mical CNFs-modified carbon electrodes was developed. To the best of
the authors’ knowledge, electrochemical measurement of biofilm grown
under the ALI condition is demonstrated for the first time. This state-of-
the-art novel device constitutes a physiobiological-relevant biofilm culture
model and allows for real-time, noninvasive and in-situ electrochemical
monitoring of biofilm metabolic activity and treatment efficacy assess-
ment. This current study shows that the production of PYO from bacterial
cells in ALI biofilm is correlated to the number of viable cells, with rapid
bacteria growth in the first 30 h. Furthermore, comparing CIP treatment
using two different drug delivery approaches, loosely mimicking the
respiratory and intravenous drug administration, showed that direct
exposure to drugs on biofilm is at least three times more effective based
on the device setup, design, and membrane properties defined in this
current work. Finally, it is important to note that most of the published
work on biofilm are in vitro models developed on SLI. The real-time
biomarkers measurements presented in this current study which shed
light on how biofilm develops under different conditions, are new.

Discoveries presented in this study are useful and critical to paving the

way to study how ALI biofilms thrive in more complex environmental

conditions.
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