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Abstract: Biosensors hold great promise as diagnostic devices that gain the information needed to
discern between different types and severities of infection. Accurate diagnostic information allows
for appropriate antimicrobial usage, thereby benefiting patient welfare and curbing the develop-
ment of antimicrobial resistance. With these aims in mind, a nano- and microfiber mesh-based trans-
ducer platform for use in aqueous media was developed. When used in an electrochemical cell, this
transducer is able to distinguish between different concentrations of phosphate-buffered saline in
deionized water using electrochemical impedance spectroscopy. This transducer, when coupled
with a biorecognition element, would serve as a new biosensor platform, to be employed as a diag-
nostic device that could be applied to various biological targets.
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1. Introduction

Accurate diagnostic data are crucial to improving patient welfare. Further, the devel-
opment of antimicrobial resistance (AMR) has been linked to inappropriate antimicrobial
prescription practices, including the overreliance on broad-spectrum antibiotics in the ab-
sence of diagnostic information [1-3]. Given the challenges that hinder the development
of new classes of antibiotics [4-8], and the rapidity with which AMR develops [1,4,9] a
crucial avenue is the development of biosensors that provide the diagnostic information
required to ensure appropriate antimicrobial usage [1,2]. With this in mind, a novel trans-
ducer for use in electrochemical cells was developed, by electrospinning a polymer blend
onto IDEs to create a conductive nano- and microfiber mesh. The appeal of a this substrate
stems from the increased surface area as compared to thin-films, which increases the num-
ber of potential binding/reaction sites. This transducer was developed to serve as a back-
bone for further biosensor development. In this work, the transducer shows its potential
for this purpose by acting as a sensor to determine concentration changes in a buffer so-
lution. This was achieved by developing predictive models from the observed data.

2. Materials and Methods

A custom polymer blend was developed to produce the nano- and microfiber mesh
substrate. Using blends by Bessaire et al. [10] and Lloyd [11] as a point of departure, this
blend consists of 0.015 g poly (vinyl alcohol) (PVA)(MW 89,000-98,000) (obtained from
Merck), 0.065 g polyethylene oxide (PEO) (MW 1,000,000 obtained from Merck), 2.56 g
poly (3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)(Clevios PH1000
obtained from Ossila), and 0.345 g N,N-Dimethylformamide (DMF) (obtained from
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Merck). The polymer blend was placed in a glass vial and mixed using a magnetic stirrer
and hot-plate for 15 min, with the hot-plate heating the blend to approximately 95 °C. The
blend was heated so as to increase the solubility of the PVA, thereby allowing for a shorter
mixing duration. It was important to ensure that the temperature did not exceed 100 °C
so as to avoid boiling as this would change the properties of the polymer blend through
the removal of water. After mixing, the polymer blend was allowed to cool.

2 electrode Interdigitated Electrodes (IDEs) with finger spacings of 130 pm were pro-
duced on an FR-4 substrate by ICAPE TRAX. The electrode material was set to be Electro-
less Nickel Immersion gold (ENIG) owing to its chemical resistance. This is necessary as
chemical reactions occurring at the electrode would affect the observed response. The elec-
trodes were then placed in a spin-coater and covered with (3-Glycidyloxypropyl)tri-
methoxysilane (GOPS) at 1000 rpm for 40 s. The purpose of the GOPS is to bind the PE-
DOT:PSS nano- and microfibers to the IDE substrate. GOPS has been shown to signifi-
cantly improve the water resilience of PEDOT:PSS [12]. After spin-coating, the electrodes
were baked on a hot-plate at 100 °C for 30 min to allow for binding between the GOPS
and the IDE substrate.

Once the polymer blend had cooled, it could be electrospun. An enclosure was pre-
pared in which the relative humidity (RH) could be controlled using a heater. This is im-
portant as the RH affects the rate of solvent dissipation during the electrospinning process.
The RH was set to 10-15% and the ambient temperature was 41.8 °C. The polymer was
loaded into a syringe which was placed into a syringe pump. A 22 G blunt-tipped needle
was placed onto the syringe. The prepared electrodes were mounted to a custom octago-
nal barrel rotating collector.

The purpose of the octagonal barrel is to provide flat faces to which the rigid elec-
trodes could be mounted. The distance between the blunt needle-tip and a face of the bar-
rel was set to 10 cm. The needle was connected to a high voltage (HV) supply at 15 kV,
and the syringe pump was set to depress the syringe at 2 mL/h. The barrel was set to rotate
at 1200 rpm, which translates to a surface velocity of 12.566 m/s. This electrospinning op-
eration was set to run for 30 min, after which the electrodes were removed from the col-
lector. The electrodes, onto which nano-and microfibers were deposited during electro-
spinning, were then rinsed with ethanol and baked dry using a hot-plate at 100 °C for 1
min. The electrodes were then left to cure overnight. Once cured, 33 electrodes were se-
lected, all with DC resistance measurements of under 2 Q. The 33 electrodes accounted
for 3 electrodes per concentration of PBS in DI water.
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Figure 1. The electrospun fibers (a) Overview of the fibers between the fingers of an IDE; (b) Close-
up of the mesh.
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In order to expose the electrodes to aqueous media, it was necessary to produce res-
ervoirs that could contain the liquid. Custom wells were laser-cut from 5 mm thick plexi-
glass, which were then mounted directly to the nano- and microfiber transducers.

The next phase of the process involved exposure of the produced transducers to the
series of PBS in DI water dilutions. 50 pL of each concentration of PBS in DI water (ranging
from 0% to 100%) was placed on electrodes in triplicate. The electrodes were allowed to soak
for 1h, after which the impedance was measured over a broad frequency band using a Digi-
lent Analog Discovery 2 and the accompanying Impedance Analyzer. Five sets of measure-
ments were taken per electrode.

3. Results and Discussion

The frequency band of 100 Hz to 1 MHz was inspected. In order to account for vari-
ations in the base values of the electrodes, the data sets were normalized with respect to
the impedance observed at 100 Hz. In order to account for noise in the system, a Savitzky-
Golay (SavGol) filter was applied to the raw data with a window length of 31 and a poly-
nomial order of 1. Taking the average of the 15 filtered data sets per concentration pro-
duced the graphs shown in Figure 2.
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Figure 2. The normalized averages of the impedances observed over the frequency band of 100 Hz
to 1 MHz.

From the figure above, it is clear that increasing concentrations of PBS affects the
shape of the observed impedance over the selected frequency band. Further investigation
into the effect at specific frequencies could provide insight into using the data as a diag-
nostic tool. Consequently, the data was inspected at 1 kHz and 10 kHz. Box plots of the
normalized impedance as a function of PBS concentration are shown in Figures 3 and 4 at
frequencies of 1 kHz and 10 kHz respectively.
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Figure 3. A box plot showing the unfiltered data sets of 15 measurements at each concentration
sampled at 1 kHz
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Figure 4. A box plot showing the unfiltered data sets of 15 measurements at each concentration
sampled at 10 kHz

From the figures, a distinct linear trend in the data sets can be observed, whereby the
impedance changes as the concentration of PBS in DI water increases. This makes sense
as the introduction of PBS into the DI water necessarily denotes an increase in the number
of conductive species present in the electrochemical cell. The maximum concentration of
PBS in DI water is 100%. It must be noted that 1X PBS was used. Increasing the concentra-
tion of the PBS is expected to produce further changes in impedance. However, that is left
to further study as 1X PBS is a standard buffer solution and is therefore the focus of this
study. When taking the median of the data points, so as to gain an indication of the trend
of the data whilst accounting for outliers, it is possible to draw a line of best fit. These fits
can be seen in Figures 5 and 6 at frequencies of 1 kHz and 10 kHz respectively.
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Figure 5. A plot showing the unfiltered data sets as well as a trend line based on the medians of the
data sets sampled at 1 kHz
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Figure 6. A plot showing the unfiltered data sets as well as a trend line based on the medians of the
data sets sampled at 10 kHz

The fits follow a linear progression, i.e., the form y = ax + b. The parameters for the
lines of best fit are as follows:
1 kHz
e a=-0.001058; b=1.011
o  Goodness of fit: R-square: 0.9857; Adjusted R-square: 0.9841
o  RMSE: 0.004454
10 kHz
e a=-0.001434; b=1.029
e Goodness of fit:
o  R-square: 0.9737; Adjusted R-square: 0.9708
o  RMSE: 0.008239
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4. Conclusions

The data show a direct link between the concentration of PBS in DI water and ob-
served conductivity to the extent that linear regressions could be generated to act as pre-
dictive models for determining the concentration of unknown blends of PBS in DI water.
This shows that the transducers produced can act as sensors, and can serve as the back-
bone of further sensor developments, specifically in the field of biosensors.
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