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A B S T R A C T

Electrochemical based sensors have become increasing popular within biomedical applications. Their low cost,
high portability and flexibility in regard to manufacturing materials makes them ideal candidates for point of
care sensors. The virulence factor pyocyanin is a useful diagnostic biomarker for the detection of Pseudomonas
aeruginosa bacterium, and its phenolic functionality makes it an ideal candidate for electrochemical detection.
Carbon nanotubes (CNT) exhibit a number of desirable characteristics for use as electrode materials. Not only
are they cheap to acquire, they offer superb conductivity and boast high electroactive surface area. To this
extent we investigated in-house 3D printed carbon nanotube electrodes for the detection of pyocyanin down
to clinically relevant concentrations. Comparison was drawn against the traditional glassy carbon electrodes,
with our manufactured electrodes achieving detection limits down to 1 µM, manufacturing reproducibility
of 19% and a linear response across the entire therapeutic range. As such, demonstrating the feasibility to man-
ufacture CNT sensors for point of care devices with analytical performance largely comparable to the expensive
conventional electrode systems.
1. Introduction

Early detection of infection within clinical settings is an imperative
step towards reducing infection-related complications and mortality.
[1] The virulence factor pyocyanin (PyoC) is produced by the gram-
negative bacterium Pseudomonas aeruginosa (P. Aeruginosa; its presence
is common in patients with compromised immune systems. Given its
resistance to many common antibiotics, infections involving this bac-
terium cause major morbidity and mortality. Rapid detection in-situ
is therefore vital for early treatment and prevention of further contam-
ination [2].

Bacterial cultures remain the gold standard for clinical detection of
P. Aeruginosa. They involve observing the bacterium’s characteristics
under certain conditions, such as gram-negative or gram-positive sta-
tus, or monitoring the activities of molecules such as PyoC. [3] Various
selective media are used for this purpose; Lowbury et al. [4] developed
a medium containing cetrimide, which proved to be highly selective
and became a common selective media for P. Aeruginosa. This medium
was later improved upon by Brown et al. [4–5] Szita et al. [6] devel-
oped a culture medium based on P. Aeruginosa’s unique ability to pro-
duce ammonia during the breaking down of acetamide. [6] Though
widely used in hospital settings, these cultures are liable to become
cross-contaminated, lack sensitivity and are time-consuming. [3]

Automated systems, such as Vitek 2 (BioMérieux, France) [7],
Phoenix 100 (BD Biosciences, USA) [8] and MicroScan WalkAway
(Dade Behrig, Inc., USA) [9] can return results more rapidly. However,
these systems tend to have a lower rate of accuracy regarding P. Aerug-
inosa identification. [3]

Electrochemical techniques such as cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) allow for efficient detection of
micro-organisms via detection of toxins such as PyoC. [10–13] For
point-of-care detection, use of commercial electrodes for electrochem-
ical detection can add significantly to manufacturing costs. Cheaper
alternatives are being investigated to overcome this financial chal-
lenge whilst maintaining the standard of electrochemical activity
required for electrochemical analysis.

Multi-walled carbon nanotubes (MWCNTs) are utilised for elec-
trode construction due to their superior conductivity. They boast a
high surface area and an ability to form interconnecting networks,
allowing electrons to be efficiently transported through them. [14]
MWCNTs were successfully incorporated into poly(ethylene glycol)
diacrylate (PEGDA) for use in 3D printing, resulting in a MWCNT elec-
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trode which incorporates a working and counter electrode. Its econom-
ical design is favourable for use in point-of-care settings, with an over-
all aim to detect infections at high sensitivity.

Novel 3D printing techniques enable cheap, rapid prototyping of
electrodes. Designs are printed from a 3D CAD design, layer-by-layer.
Printing can be paused at any time, rendering printing materials inter-
changeable. Thus, conductive layers can be printed within insulated
polymer layers, creating functional electrodes.

Here, we describe the comparison between the effectiveness of our
MWCNT electrodes compared to conventional glassy carbon (GC) elec-
trodes for PyoC detection, an important initial step towards assessing
their suitability for infection detection.
2. Materials and methods

2.1. Materials

Ferrocene [Fe(C5H5)2] (98%, Sigma Aldrich) solutions were pre-
pared using lithium perchlorate 0.1 M LiClO4 (Sigma Aldrich) and ace-
tonitrile (ACN) (VWR International). PyoC (Sigma Aldrich) solutions
were prepared using 0.1 M phosphate-buffered saline (PBS)
(Thermo-Scientific). All aqueous solutions were prepared using milli-
Q water (18 mΩ cm).
Fig. 1. Schematic of experimental setup featuring 3D printed MWCNT WE
and CE and Ag/AgCl RE in PyoC solution.
2.2. Sample preparation

10 mM [Fe(C5H5)2] stock solutions in 0.1 M LiClO4 in ACN were
used for the assessment of electrochemical activity. PyoC solutions
ranging from 20 to 500 μM were prepared in 0.1 M PBS.
2.3. CNT electrode Preparation

MWCNT electrodes were 3D printed using an ASIGA Pico2 HD 27
UV 3D printer (ASIGA). Their design consisted of an initial layer of
0.4% weight/weight Sudan 1 (S1) (Sigma Aldrich) poly(ethylene gly-
col) diacrylate (PEGDA) (Sigma Aldrich). The working and counter
electrode components were printed using a solution of 0.1% S1 1%
(w/w) MWCNT-PEGDA. Tiller et al. have elsewhere described the
preparation of this solution. [15] A further insulating layer of 0.4%
(w/w) S1 PEGDA was then printed over the MWCNT electrodes, leav-
ing the working and counter electrodes exposed for contact with the
solution. Silver paint (Agar Scientific) formed a conductive connection
between electrodes and wires. Electrode areas were determined using
ImageJ software.
Fig. 2. Typical cyclic voltammogram of 10 mM [Fe(C5H5)2] in 0.1 M LiClO4 in
ACN for a GC (black) and 3D printed MWCNT (blue) electrode over the
potential range 0 ≤ E vs Ag/AgCl ≤ 0.0.7 V at scan rate of 0.1 V s−1. Inset.
MWCNT reduction peak over the potential range 0 ≤ E vs Ag/AgCl ≤ 0.0.3 V.
2.4. Instrumentation

Electrochemical interrogation was performed using a PalmSens
EmStat Blue potentiostat (PalmSens Version EM Stat 3, PalmSens,
Houten, Netherlands) using a standard three electrode electrochemical
set-up. Commercial macroelectrodes included an Ag/AgCl reference
electrode, a 3 mm diameter glassy carbon (GC) working electrode
and a platinum (Pt) counter electrode. All electrodes were purchased
from CH Instruments (UK). Cyclic voltammetry (CV) was monitored
over the potential range 0 ≤ E ≤ 0.7 V vs Ag/AgCl at a scan rate of
100 mVs−1. Differential pulse voltammetry (DPV) parameters speci-
fied pulse amplitude 100 mV, 50 ms pulse width and 0.05 Vs−1 scan
rate. A schematic of the 3D printed electrode setup is shown in Fig. 1.
2

3. Results and discussion

3.1. Electrochemical Characterisation

The electrochemical behaviour of the MWCNT electrodes was
investigated using a standard redox compound, [Fe(C5H5)2] and com-
pared to a standard GC electrode, as shown in Fig. 2.

The GC electrode displayed typical redox behaviour for the Fe
redox couple, showing a redox peak at ∼ 0.38 V vs Ag/AgCl. [16]
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The peak separation is 80 mV, close to the ideal value of 57 mV for a
reversible one-electron reaction. [17] The overall shape of this curve
can be explained with reference to the Nernst equation (Equation
(1)), which describes the equilibrium between ferrocenium (Fc+)
and Fe(C₅H₅)₂:
E ¼ E0; þ 2:3026
RT
F

log10
½Fcþ�

½Fe C5H5� �2�
ð1Þ

where E = cell potential, E0 = standard species potential, R = uni-
versal gas constant, T = temperature, F = Faraday’s constant. [18]

In contrast the typical MWCNT electrode response exhibits very dif-
ferent behaviour. [19] Here we observed a notable decrease in the
magnitude of the current response, likely linked to the MWCNT work-
ing electrodes smaller surface area. Though the size of the MWCNT
working electrode can vary to a degree between prints, image analysis
shows an area of approximately 10 µm2 compared with the GC area
of ∼ 7 mm2. Although there is no visible oxidation peak, a reduction
peak can be observed at ∼ 0.17 V vs. Ag/AgCl. This indicates that elec-
tron transfer to and from the electrode surface is hindered , hence oxi-
dation is more energetically demanding, i.e., a higher voltage is
required. The increase in peak to peak separation also implies that
electron kinetics are being hampered, indicating a quasi-reversible
mechanism is being witnessed.

A similarly poor CV was obtained by Wei et al. [19], for a screen-
printed carbon electrode (SPCE) in ferricyanide (Fe(CN)03-/4-). They
observed an irreversible response with a large peak separation of
480 mV, indicating a slow electron transfer process. This poorer elec-
trochemical behaviour may be linked to the mineral binders or insulat-
ing polymers contained within printing inks for improved substrate
adhesion. Electrochemically active carbon particles may therefore be
sheltered, resulting in an increased resistance toward electron transfer.
This in turn slows kinetics of the heterogeneous reaction required for
the redox processes and may lead to quasi-reversible or irreversible
redox processes at the electrode surface. SPCEs exhibited a response
comparable to a polished GC electrode following one hour of pre-treat-
ment in sodium hydroxide (NaOH). It was postulated that organic bin-
ders at the electrode surface were removed during this step, effectively
increasing the electroactive area (Aea). Indeed, the Aea of the SPCE rose
to seventeen-fold its apparent geometric area following pre-treatment,
indicating a sharp increase in the number of active carbon particles
exposed at the electron surface. [19] The use of polymers in the 3D
printing process may affect MWCNT conductivity, and presence of
organic binders could limit the Aea of the electrodes.

Mahshid et al. [20] compared the performance of titanium dioxide
(TiO2) electrodes to those modified with platinum (Pt) and palladium
(Pd). It was stated that Pd nanoparticles improved conductivity and
electron transfer, due to their uniform deposition on the electrode sur-
face. In this case, the opposite may be true for the MWCNT electrodes,
as the MWCNTs form erratic and non-uniform networks. Compared to
the CV response of the Pd-modified electrode, the Pd-Pt-modified elec-
trode showed the oxidation peak shift to more negative potential, thus
decreasing peak separation. This is explained as being due to the elec-
trodes’ high conductivity and catalytic activity. The design and unifor-
mity of the GC electrode may therefore lend itself to higher
conductivity than the MWCNT electrodes, resulting in a decreased
and more defined peak separation in the case of the GC electrode. [20]

Despite the poor CV response of the MWCNT electrodes in Fe
(C5H5)2, it was deemed pertinent to explore their response to PyoC
using DPV. Their design is extremely cheap and has potential for
large-scale automation. Additionally, their disposable nature is benefi-
cial within a clinical environment since it limits the possibility of cross-
contamination. Therefore, if they can detect PyoC at similar concentra-
tions to the current gold standard, their effectiveness must be
considered.
3

3.2. PyoC Detection

PyoC is the redox-active virulence factor produced by P. Aeruginosa,
which also acts as a quorum-sensing molecule for the pathogen.
[2,21–25] Prior works have shown that PyoC undergoes both reversi-
ble phenazine transformations circa −0.18 V and −0.28 V vs SCE as
well as a non-reversible phenolic oxidation at ∼ 0.85 V following the
reaction shown in Scheme 1.26 Given the fact that the phenolic oxida-
tion of PyoC can result in polymerisation which in turn leads to an
increase in peak height and current with increasing scan rates, the
potential range investigated within this study was focused around
the phenazine transformation observed at ∼ -0.21 V and −0.09 V
for the GC and MWCNT electrodes respectively, as shown in Fig. 3.

The reduction potential observed at theMWCNTelectrode∼100mV
more positive than that observed at the GC electrode. This is apparent
in both the DPV responses (Figs. 2 and 3 respectively). This shift
toward a more positive potential may be indicative of the reaction pro-
ceeding more easily at this potential for MWCNT electrodes, however
this potential is in agreement with previous studies utilising carbon
fibres. [26] The reduced positive potential required to induce reduc-
tion of PyoC at the MWCNT will reduce the demand on any potential
equipment required in future clinical applications promoting potential
translation from laboratory to clinical settings. Both electrodes exhibit
a clear and identifiable response in the presence of PyoC, which are
clearly distinguishable from the baseline, indicating that the MWCNT
electrodes are equally capable of detecting the virulence factor.

3.3. Analytical performance

Fig. 4 highlights the DPV relationship for both the GC and MWCNT
electrode with increasing concentrations of PyoC, over the concentra-
tion range 0 ≤ [PYO] ≤ 100 µM, in addition to the dependence of the
peak intensity upon PyoC concentration. This concentration range was
deemed pertinent for the assessment of the feasibility of the electro-
chemical detection of PyoC, in agreement with clinical ranges and sev-
eral prior studies. [26–28] It is widely considered to be diagnostically
relevant and include concentrations present within clinical samples; at
a typical range for PyoC electrochemical detection and inclusive of the
determined micromolar range for PyoC concentrations from in vitro
cellular environments. [29–31] Lung inflammation is documented to
occur at PyoC concentrations of 10–100 µM. [27,32–35] Whilst cellu-
lar PyoC occurs at higher concentrations and documented by Simoska
et al. [29] who reported a large linear dynamic range (LDR) of
1–250 µM. [29]

Maximum peak intensity was utilised and recorded at a potential of
approximately −0.09 V for the MWCNT electrode, compared to
−0.21 V for the GC electrode. This is the expected potential vs. a
1 M KCl Ag/AgCl reference for samples containing PyoC. [36] Several
other studies have also reported peaks at this potential, using transpar-
ent carbon ultramicroelectrode arrays [29], unmodified carbon elec-
trodes [27] and catechol-chitosan modified Ag electrodes. [37] PyoC
detection in biological human samples may result in slight potential
shifts, due to reactive, complexing, or chelating compounds in addition
to the matrix complexity. [27,38–39]

For both electrode materials, the maximum current was observed
to vary linearly over the concentration range with a coefficient of
0.991 and 0.995 for the MWCNT and GC respectively (Fig. 4). Detec-
tion limits for each electrode material were calculated utilising the
previously reported method, where the limit of detection (LOD) is cal-
culated at 3 times the standard deviation of the intercept over the
slope of the calibration line. [40] This revealed a LOD for GC at
0.5 µM and 2.5 µM for the MWCNT electrode. Fig. 5 displays the detec-
tion limits investigated here at concentrations of 1 µM in comparison
to the blank response observed, which indicated the MWCNT could
achieve detection down to 1 µM still distinguishable from the blank.
Studies using better established electrode materials have on occasion



Scheme 1. Scheme of pyocyanin (PyoC) redox reaction. Adapted from Sharp et al. [26].
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achieved LOD which are orders of magnitude smaller than we
observed. Sharp et al. [26] recorded detection limits as low as
0.03 μM [26] whilst Kim et al. [37] achieved an LOD of 0.05 μM.
[37] However, it should be of note that our use of MWCNTs is fairly
novel, and that their effectiveness in 3D printing applications is not
yet fully understood and thus requires further investigations in order
Fig. 3. DPV responses for controls in 0.1 M PBS (red) and response from
100 μM PyoC in 0.1 M PBS (black) for (a) GC electrode and (b) MWCNT
electrode recorded at scan rate of 0.1 Vs−1.
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to optimise the process. Electrode sensitivity depends upon high con-
ductivity, which can only occur if MWCNTs can form fully intercon-
necting networks within the PEGDA solution. Homogenous MWCNT
dispersion may be achieved by a number of methods such as solution
casting or in situ polymerisation, as well as ultrasonication. [41–44]
Surfactant use can also promote this effect. [42,44] However, it was
Fig. 4. Typical DPV responses for (a) GC electrode and (b) MWCNT electrode
obtained for 0 to 100 µM PyoC in 0.1 M PBS at a scan rate of 0.1 V s−1 insets
show the corresponding linear relationship of this response with [PYO]. Error
bars represent triplicate responses.



Fig. 5. DPV responses for (a) GC electrodes for 0.1 M PBS (blue). 1 µM (green)
and 5 µM (red) PyoC and (b) MWCNT electrode for 0.1 M PBS (yellow), 1 µM
(purple) and 5 µM (orange) PyoC at a scan rate of 0.1 V s−1.

Fig. 6. (a) six different GC electrodes and (b) six independent MWCNT
electrodes at 100 µM PyoC in 0.1 M PBS at a scan rate of 0.1 V s−1.
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beyond the scope of this study to explore such methods primarily
focusing upon the ease of manufacture and potential scaleup . Another
factor limiting electrode sensitivity is inability to polish the MWCNT
PEGDA surface scans, this could result in the deposit of material block-
ing the electroactive area. Despite this, our detection limits can be con-
sidered sufficient for detecting PyoC from infected patient samples.
Concentrations from the sputa of infected patients have been reported
in the range of 1–130 µM, with a median value of 8.1 μM. [30–31,45]
Concentrations in ear secretions from patients with P. Aeruginosa-
induced ear infections have been reported in the millimolar range.
[27,31,46] As such both lie well within the 1 µM detection limit we
Table 1
Relative standard deviation across six different MWCNT electrodes in 100 µM PyoC

CNT 1 CNT 2

ip (µA) 0.129 0.113
ip (µA) 0.152
SD 0.028
RSD (%) 18.5
ρ ( × 10-y5Ω cm)* 1.95 1.50

*Resistivity for a thin sheet was calculated based on the equation ρ =(πt/ln2)((V/
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achieved during this study, hence confirming the applicability of this
simple electrode manufacturing process toward real world
applications.

The reproducibility of our manufactured electrodes was interro-
gated, with a confirmed relative deviation of 18.5% (See Table 1
and Fig. 6) across six electrodes. Compared to a commercial GC elec-
trode, interelectrode repeatability was poor, as evidenced by
the ∼ 5-fold increase in the relative standard deviation (RSD) of the
MWCNT compared with the GC (see Table 2 and Fig. 6). Again, this
is likely due to failure of the MWCNTs to form interconnecting net-
works within the insulating PEGDA environment, as has been seen
.

CNT 3 CNT 4 CNT 5 CNT 6

0.152 0.193 0.167 0.158

2.18 2.75 2.48 2.31

l)



Table 2
Relative standard deviation across six different GC electrodes in 100 µM PyoC.

GC 1 GC 2 GC 3 GC 4 GC 5 GC 6

ip (µA) 345 337 357 334 315 329
ip (µA) 336
SD 14
RSD (%) 4

Table 3
Relative standard deviation across six MWCNT electrodes tested in triplicate over 6 days in 100 µM PyoC.

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6

ip1 (µA) 0.220625 0.2025 0.215 0.183688 0.194063 0.19375
ip2 (µA) 0.26 0.23375 0.244375 0.25225 0.266687 0.249812
ip3 (µA) 0.279375 0.249375 0.249375 0.271375 0.2725 0.266375
ip (µA) 0.253333 0.228542 0.235771 0.235771 0.244417 0.236646
SD 0.024443 0.019488 0.037647 0.037647 0.035684 0.031076

RSD (%) 3.272564
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for other types of modified films, [47–49] as well as relatively rudi-
mentary wire connections. This is evident from the resistivity values
for the MWCNT 3D electrodes, shown in Table 1. Imaging of these
electrodes would also provide more detailed information on the inter-
connecting profiles of the MWCNTs within the PEGDA environment.
Long-term repeatability results proved to be more acceptable, with
an RSD of 3.27% (See Table 3), although given that these electrodes
are designed to be disposable, this is less of a priority. Although the
interelectrode reproducibility to relatively high further optimisation
of the manufacturing process will ultimately improve this factor,
where large scale manufacturer would in essence eradicate any unreli-
ability introduced through the human element of the current electrode
manufacturing process.

3.4. Biological samples

Having established the feasibility of the inhouse manufactured
electrodes for the detection of PyoC within ideal matrices, it seemed
prudent to assess their feasibility to operate within the complex biolog-
ical matrices they may encounter within a clinical setting. To achieve
this PyoC was spiked into human pooled serum and analysed directly,
with no sample purification performed. Analysis of blank serum was
initially conducted, as it is well documented that the large number
of co-species contained within such biological matrices can impede
electrochemical analysis of samples contained in such matrices. How-
ever, as can be seen within the Fig. 7 inset, blank serum produces an
almost negligible signal within this negative potential region. The
potential region observed to produce PyoC detection, also holds the
advantage of lying within a region where known interferents com-
monly found within clinical settings, such as caffeine, naturally occur-
ring amino acids, and therapeutic drugs such as paracetamol do not
undergo their typical redox processes. To estimate the potential accu-
racy of the MWCNT sensor for the quantification of PyoC, %recoveries
were estimated utilising the calibration curve constructed within
Fig. 4, these produced an average recovery across three measurements
of 95% for the 50 µM sample and 92% for 25 µM. These demonstrate
acceptable recoveries, within the typical analytical standard of
90–110%, providing confidence for the translation of the in-house
device toward clinical settings.
Fig. 7. Average responses of 50 µM (purple) PyoC and 25 µM (green) PyoC
within human pooled serum upon MWCNT electrodes at a scan rate of
0.1 V s−1.
4. Concluding remarks

3D printing is favourable as a fabrication technique due to its con-
sistency, low cost, and potential for mass production. Our 3D printed
sensing system, comprising WE and CE, are economical to produce,
6

in comparison to the cost of the conventional electrodes typically cost-
ing within the hundreds. The disposable nature of our sensors is also
favourable, considering the target market for them within the clinical
environment, where the possibility of cross-contamination must be in
essence eradicated. Their disposable nature also eliminates the need
for polishing, to reactivate the electroactive area. This process is extre-
mely time consuming, and ultimately adds to sensor cost in terms of
consumables, both of which are key features to be minimised within
a clinical environment. Using our 3D printed sensor, we have demon-
strated a viable concept proof for the use of MWCNT sensing systems
for the reliable detection of virulence factor PyoC. Detection was
achieved down to clinically relevant levels with a detection limit of
1 µM observed for the MWCNT sensors. Although this is double the
detection limit of the traditional GC electrodes, the surface area of
our manufactured electrodes was significantly reduced, in addition
to the inability of the MWCNT’s to form interconnecting networks
within the chosen insulating polymer. What’s more, even though our
current process does not demonstrate the optimum sensor design, it
can achieve acceptable recoveries for PyoC within human pooled
serum without the need for extraction or sample purification. Despite
the unoptimized process currently adopted, the ability to detect down
to clinically relevant concentrations indicates that further optimisation
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of the manufacturing process will produce a more sensitive and repro-
ducible sensor at a significantly lower cost that those currently
employed.
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