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A B S T R A C T   

Recycled additive manufacturing sensing platforms are fabricated with carboxylated multi-walled carbon 
nanotubes (COOH-MWCNT) with exhibit enhanced electrochemical biosensor performance allowing for the 
enhanced direct coupling of the biorecognition element to the COOH-MWCNT for the preparation of an elec-
trochemical genosensor for the detection of yellow fever virus cDNA. Bespoke additive manufacturing filaments 
was produced using recycled poly(lactic acid) (rPLA, 65 wt%), polyethylene succinate (PES, 10 wt%), carbon 
black (CB, 15 wt%), and COOH-MWCNT (10 wt%) which exhibits enhanced electrochemical performance over 
that of commercial filament. A bespoke all-in-one additive manufactured electroanalytical cell is proposed, with 
the working, reference and counter electrodes in addition to a modification rim that allows for the facile pro-
duction of biosensors through the application of droplets. The genosensor was applied to the detection of yellow 
fever Virus cDNA using anodic square wave voltammetry; a linear dynamic range (LDR) of 0.5–15 µM with an R2 

of 0.9995, sensitivity of 177 ± 2 µA µM− 1, limit of detection (LOD) of 0.138 µM, and limit of quantification 
(LOQ) of 0.859 µM were obtained. This work highlights how bespoke additive manufacturing filament pro-
duction can enhance biosensing platforms, whilst using recycled feedstock to improve end-product sustainability.   

1. Introduction 

The World Health Organization (WHO) defines the criteria required 
for diagnostic testing in remote or low-resource settings as: “afford-
ability, sensitivity, specificity, user-friendliness, rapidity, and robust-
ness, being free of equipment and being easily deliverable to end users” 
[1]. Additively manufactured electrochemical biosensing platforms can 
address the majority of these requirements due to the low-cost and 
portable nature of their equipment, and for being user-friendly, rapid, 
sensitive, and selective. Additive manufacturing - in-particular fused 
filament fabrication (FFF) - has seen a surge in popularity in the field of 
electrochemistry in recent years [2], due to the reduced costs of entry 
and the production of electrically conductive filament. These filaments 

are produced through the inclusion of conductive fillers, such as carbon 
black (CB), into the thermoplastic matrix, such as poly(lactic acid) 
(PLA). Additive manufacturing allows for the production of electrodes 
[3] and electrochemical equipment [4] on-site with bespoke geometries, 
significantly lower manufacturing timescales, reduced material waste 
and marginal costs. The digital nature of additive manufacturing also 
allows for the production or modification of designs anywhere in the 
world, with printing able to happen in situ, wherever access to a printer 
and filament is available. 

Current additive manufacturing electrochemical biosensors in liter-
ature commonly utilise the commercially available filaments ProtoPasta 
or BlackMagic, which are based on the conductive fillers CB or gra-
phene, respectively. To improve the performance of additive 
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manufacturing electrochemical systems, bespoke filaments that offer 
significant electrochemical improvements in regards to energy storage 
[5] and electroanalysis [6] are being reported, whilst also utilising 
recycled polymers. This improved sustainability in a additive 
manufacturing electrochemistry further enhances its appeal, as it aligns 
with the UN’s Sustainable Goal #12 – Ensure sustainable consumption 
and production patterns, and the EU’s “Plastics in a Circular Economy” 
policy [7]. 

Multi-walled carbon nanotubes (MWCNT) embedded filaments have 
been reported previously, with groups utilising them in low loadings 
(0.25–7 wt%) to improve the mechanical properties of 3D-printed pieces 
[8]. Some examples have recently been reported for the use of MWCNTs 
to improve the electrical conductivity of filaments. For example, Vidakis 
et al. [9] utilised 10 wt% in a polyamide filament, and Ivanov et al. [10] 
used a combination of graphene nanoplatelets and MWCNT at a total 
filler of 6 wt% in a PLA filament. These systems, although electrically 
conductive, do not come close to the required conductivity for electro-
chemical applications. For example, commonly used commercial fila-
ment Protopasta quotes a resistance across 10 cm as 2–3 kΩ for their 
1.75 mm filament [11]. Ghosh and co-workers [12] reported filaments 
combining activated charcoal, MWCNT and MoS2 (22.7, 4.5 and 9.0 wt 
% respectively) for photo and electrochemical energy conversion and 
storage, but the inclusion of MoS2, low loading of MWCNT and in-
clusions of poly(ethylene glycol) [5] makes the system unsuitable for 
biosensing applications. 

There have been numerous publications on the electrochemical 
determination of virus diseases [13–17], in particular for emergent 
diseases, such as zika and dengue [18,19], Ebola [20] and SARS-CoV-2 
in recent years [21–31]. This increased coverage stemmed from the ef-
fect this outbreak had on both industrialised countries and low-resource 
areas. These low-resource settings continue to suffer from increased 
outbreaks of neglected diseases not seen as commonly elsewhere, such 
as the outbreak of yellow fever in Africa with high case-fatality [32]. 
Yellow fever is a disease considered endemic in tropical regions; how-
ever, the demographic expansion to other countries has been increasing 
in recent years, already being considered an emerging disease in South 
America and Africa [33,34]. The disease - normally transmitted by ar-
thropods, such as the Aedes aegypti mosquito and ticks - causes a hae-
morrhagic viral fever in addition to other symptoms such as headaches, 
malaise, rash, nausea, vomiting, and diarrhoea. This can evolve rapidly 
to multiple organ failure syndrome, causing death [34]. Despite the 
existence of a highly effective vaccine, yellow fever still affects thou-
sands of people each year [35]. Continuous global improvements in 
testing preparedness are essential for future outbreaks of any kind, in 
both industrialised countries and low-resource settings [1]. 

In this work, we propose the development of a novel additive 
manufacturing filament that still utilises recycled PLA and CB, but 
additionally embeds carboxylated MWCNT (COOH-MWCNT, 10 wt%) 
within the matrix. This composition retains the excellent flexibility and 
printability of the filament, whilst improving the electrochemical per-
formance and allowing for the enhanced direct coupling of the bio-
recognition element to the COOH-MWCNT for the preparation of an 
electrochemical genosensor for the detection of yellow fever virus 
cDNA. Additionally, due to the availability, flexibility, low-cost and low- 
waste advantages of FFF as a manufacturing technology, this work offers 
an alternative route the supply of biosensors for low-resource environ-
ments in the future. 

2. Experimental section 

2.1. Chemicals 

All chemicals used were of analytical grade and were used as received 
without any further purification. All solutions were prepared with 
deionised water of resistivity not less than 18.2 MΩ cm from a Milli-Q 
Integral 3 system from Millipore UK (Watford, UK). 

Hexaamineruthenium (III) chloride (RuHex, 98%), ferrocene methanol 
(FcMeOH, 97%), poly(ethylene succinate) (PES, MW:10,000) sodium 
hydroxide (>98%), potassium chloride (99.0–100.5%), bovine serum 
albumin (BSA, >98%), N-(3-dimethylaminopropyl)-N’-ethyl-
carbodiimide hydrochloride (EDC, >99%), N-hydroxysuccinimide (NHS, 
98%), human serum (AB plasma) and phosphate buffered saline (PBS) 
tablets were purchased from Merck (Gillingham, UK). Carbon black 
(Super P®, >99+%) was purchased from Fisher Scientific (Lough-
borough, UK). Short (0.5–2.0 µm) and long (10–30 µm) carboxylated 
multi-walled carbon nanotubes (COOH-MWCNT, 10–20 nm outer 
diameter) were purchased from Cheap Tubes (VT, United States). Recy-
cled poly(lactic acid) (rPLA) was purchased from Gianeco (Turin, Italy). 
The DNA capture probe (TTGGATCCTGCACGACAACAGAA) was pur-
chased from Exxtend Biotecnologia (Paulínia, Brazil). Short and long 
sequences of Yellow Fever virus cDNA (YFV, TTCTGTTGCGTGCAG-
GATCCA, GTGGAGAAGCAGGGCAGATGAGATCAATGCCATTTTTGAGG 
AAAACGAG) and Dengue virus cDNA (DENV, CAGGCCGATAGTG 
GTTGCGTTGT, TGGGAATTGTGACACTGTATTTGGGAGTCATGGTGCA 
GGCCGATAGTGG) were purchased from Exxtend Biotecnologia (Paulí-
nia, Brazil). All sequences were modified on 5′ end with a C-6 spacer and 
amino groups. Commercial conductive PLA/carbon black filament (1.75 
mm, ProtoPasta, Vancouver, Canada) was purchased from Farnell (Leeds, 
UK). Commercial non-conductive PLA filament (1.75 mm, galaxy silver, 
Prusament) was purchased from Prusa Research (Prague, Czech 
Republic). 

2.2. MWCNT-COOH recycled filament production 

Prior to any mixing or filament production all rPLA was dried in an 
oven at 60 ◦C for a minimum of 2.5 h, which removed any residual water 
in the polymer. Conductive polymer compositions were all prepared 
using a mixing chamber of 63 cm3, to produce two (long and short) 
compositions of COOH-MWCNT embedded filament. The filaments were 
produced using 65 wt% rPLA, 10 wt% PES, 15 wt% CB, and 10 wt% 
COOH-MWCNT. As a benchmark in this work, alongside the commercial 
PLA/CB, a conductive filament was produced without MWCNT, 
comprising of 65 wt% rPLA, 10 wt% PES, and 25 wt% CB. The filament 
components were mixed in a heated chamber (170 ◦C) fitted with 
Banbury rotors at 70 rpm for 5 min, using a Thermo Haake Poydrive 
dynameter fitted with a Thermo Haake Rheomix 600 (Thermo-Haake, 
Germany). The collected mixes from the Rheomix were allowed to cool 
to room temperature before being granulated to create a finer granule 
size using a Rapid Granulator 1528 (Rapid, Sweden). The granulated 
sample was collected and processed through the hopper of a EX6 
extrusion line (Filabot, VA, United States). The EX6 was set up with a 
single screw and had four set heat zones of 60, 190, 195 and 195 ◦C 
respectively. The molten polymer was extruded from a 1.75 mm die 
head, pulled along an Airpath cooling line (Filabot, VA, United States, 
through an inline measure (Mitutoyo, Japan) and collected on a Filabot 
spooler (Filabot, VA, United States). The filament was then ready to use 
for Additive Manufacturing (AM). 

2.3. Additive manufacturing 

All computer designs and.3MF files seen throughout this manuscript 
were produced using Fusion 360® (Autodesk®, CA, United States). 
These files were sliced and converted to.GCODE files using the open- 
source software PrusaSlicer (Prusa Research, Prague, Czech Republic) 
for the additively manufactured working electrodes (AMEs), and idea-
Maker (RAISE3D, CA, United States) for the electrochemical cell with 
embedded counter and reference electrodes. 

The AMEs were 3D-printed using fused filament fabrication (FFF) 
technology on a Prusa i3 MK3S+ (Prusa Research, Prague, Czech Re-
public). All AMEs were printed using a 0.6 mm nozzle with a nozzle 
temperature of 215 ◦C, 100% rectilinear infill, 0.15 mm layer height, 
and print speed of 70 mm s− 1. 
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The electrochemical cell with embedded counter and reference 
electrodes were produced on a RAISE3D E2 independent dual-extruder 
(IDEX) 3D-printer. The non-conductive filament was loaded to the left- 
hand extruder and the conductive filament loaded to the right 
extruder. The cells were printed with a bed temperature of 55 ◦C, nozzle 
temperatures of 205 ◦C, 0.4 mm extrusion width, 0.2 mm layer height, 
shell width of 1 mm, left infill of 10% and right infill of 100%, with an 
print speed of 60 mm s− 1. 

2.4. Physiochemical characterisation 

X-ray Photoelectron Spectroscopy (XPS) data were acquired using an 
AXIS Supra (Kratos, UK), equipped with a monochromated Al X-ray 
source (1486.6 eV) operating at 225 W and a hemispherical sector 
analyser. The equipment was operated in fixed transmission mode with 
a pass energy of 160 eV for survey scans and 20 eV for region scans with 
the collimator operating in slot mode for an analysis area of approxi-
mately 700 × 300 μm, the FWHM of the Ag 3d5/2 peak using a pass 
energy of 20 eV was 0.613 eV. Before analysis, each sample was ultra-
sonicated for 15 min in propan-2-ol and then dried for 2.5 h at 65 ◦C as 
this has shown - in our unpublished data - to remove excess contami-
nation and therefore minimise the risk of misleading data. The binding 
energy scale was calibrated by setting the C-C sp3 C 1 s peak to 285.0 eV; 
this calibration is acknowledged to be flawed [36], but was nonetheless 
used in the absence of reasonable alternatives, and because only limited 
information was to be inferred from absolute peak positions. 

Scanning Electron Microscopy (SEM) measurements were recorded 
on a Supra 40VP Field Emission (Carl Zeiss Ltd., Cambridge, UK) with an 
average chamber and gun vacuum of 1.3 × 10-5 and 1 × 10-9 mbar, 
respectively. Samples were mounted on the aluminium SEM pin stubs 
(12 mm diameter, Agar Scientific, Essex, UK). To enhance the contrast of 
these images, a thin layer of Au/Pd (8 V, 30 s) was sputtered onto the 
electrodes with the SCP7640 from Polaron (Hertfordshire, UK) before 
being placed in the chamber. 

Raman spectroscopy was performed on a Renishaw PLC in Via 
Raman Microscope controlled by WiRE 2 software at a laser wavelength 
of 514 nm. 

2.5. Electrochemical experiments 

All electrochemical measurements were performed on an Autolab 
M204 potentiostat controlled by NOVA 2.1.5 software (Utrecht, the 
Netherlands). The electrochemical characterisation of the bespoke fila-
ment and comparison to the benchmarks were performed using lollipop 
design (Ø 3 mm) electrodes alongside an external commercial Ag|AgCl 
reference electrode and a nichrome wire counter electrode. The detec-
tion of Yellow Fever Virus (YFV) target sequence was performed using a 
complete AM cell, using a 3D-printed working, reference, and counter 
electrodes. It should be noted all reference and counter electrodes were 
printed from the commercially purchased conductive CB/PLA filament. 
All solutions of RuHex and FcMeOH were prepared using deionised 
water of resistivity not less than 18.2 MΩ cm from a Milli-Q system 
(Merck, Gillingham, UK) and were purged of O2 thoroughly using N2 
prior to any electrochemical experiments. 

Activation of the AMEs, when applicable, was achieved through in-
cubation of a droplet of 0.5 M NaOH onto the surface of the electrode for 
30 min, followed by washing with deionised water and drying with N2. 

2.6. Biosensor production 

For the modification of the biosensor, EDC/NHS coupling was used 
for the stable immobilization of the YFV cDNA capture sequence 
through the carboxyl functionalization. The incubation with a solution 
of EDC (5.0 mM) and NHS (1.0 mM) in PBS buffer (pH = 5.0) was carried 
out by adding a 10 µL drop on the working electrode for 1 h. The capture 
sequence immobilization (1.0 µmol L-1 in PBS buffer pH = 7.4, for 1 h) 

was carried out in a similar way, occurring due to binding between 
amino groups present on the modified capture probe and carboxylic 
groups of the sensor. A 1.0 wt% BSA solution was then added to the 
working electrode for 30 min to mitigate any nonspecific interactions 
with the carboxyl groups. The hybridization between the immobilized 
capture sequence and the YFV target sequence was conducted for 1 h. 
Different concentrations of target prepared in PBS buffer (pH = 7.4) 
were evaluated. After each modification step, the electrode was washed 
with PBS buffer and dried under N2. Linear sweep voltammetry (LSV) 
and square wave voltammetry (SWV) measurements were carried out in 
presence of 1.0 mmol L-1 FcMeOH as the electrochemical probe. 

2.7. Selectivity and real sample analysis 

Anodic and cathodic SWV measurements were performed for human 
serum sample before and after the YFV cDNA target sequence hybridi-
zation at three levels of concentration (1.0, 5.0, and 10 µM). The 
selectivity of the YFV genosensor was tested against dengue virus 
(DENV) cDNA, which present similar symptoms and it could be confused 
with YFV. Anodic and cathodic SWV measurements were conducted 
after the hybridization reaction with 10 µM DENG cDNA target 
sequence. 

3. Results and discussion 

The use of additive manufacturing can transform the production and 
delivery of electrochemical biosensors due to its versatility, low 
wastage, and low cost. To meet requirements regarding biosensor pro-
duction - including increased sensitivity and reproducibility - new 
conductive filaments must be designed and produced. Herein, we show 
the production, characterisation and application of a new conductive 
filament from recycled poly(lactic acid) (rPLA), poly(ethylene succi-
nate) (PES), carbon black (CB), and short and long carboxylated multi- 
walled carbon nanotubes (S-COOH-MWCNT, L-COOH-MWCNT) to-
ward the production of a genosensor for Yellow Fever virus cDNA. 

3.1. Production and characterisation of functional recycled filament 

The production of the bespoke filaments consisting of 65 wt% rPLA, 
10 wt% PES, 15 wt% CB and 10 wt% MWCNT is shown schematically in 
Fig. 1A. Prior to anything else, all rPLA was dried in an oven at 60 ◦C for 
a minimum of 2 h to remove any residual water [37]. For this work three 
bespoke filaments were produced, keeping the conductive carbon-based 
filler content stable at 25 wt%, and the plasticiser content stable at 10 wt 
%. The first composition comprised of 25 wt% CB and was used as a 
benchmark alongside the commercially purchased conductive filament 
Protopasta. The two filaments primarily under investigation consisted of 
15 wt% CB and 10 wt% S-COOH-MWCNT or L-COOH-MWCNT. The 
components for each bespoke filament were mixed at 170 ◦C for 5 min, 
cooled, shredded, and passed through a single-screw extruder to pro-
duce filaments of 1.75 mm diameter. Fig. 1B shows photographs of the 
filament produced using L-COOH-MWCNT, highlighting the flexibility 
of the obtained filament due to the inclusion of the plasticiser PES, 
which has been shown to help produce filament with high-loadings of 
carbon [6]. 

Thermogravimetric analysis (TGA) was performed on the bespoke 
filaments and the component polymeric parts, presented in Fig. 1C. This 
analysis gives important information about the historical thermal pro-
cessing of the rPLA, how subsequent processing into the conductive 
filament affects its thermal stability, what effect the PES plasticiser has 
on the thermal properties of the produced filaments, and importantly to 
determine the mass of conductive filler present in each composite. The 
TGA results are presented in Table 1, where the average degradation 
onset temperatures, average final masses and average conductive filler 
content are summarised. It can be seen in Table 1 that the PLA and PES 
have significantly different thermal stabilities, where PLA has an onset 
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temperature of 305 ± 5 ◦C compared to the 198 ± 1 ◦C measured for the 
PES sample. The effect of this on the final filament can be seen when 
comparing the three bespoke compositions to the commercially pur-
chased conductive filament. The commercial filament presents a similar 
first onset temperature to the PLA of 304 ± 2 ◦C but shows an additional 
decomposition onset, speculated to be the unknown plasticiser listed by 
the manufacturer 11. In comparison, all bespoke filament exhibit 
degradation onset temperatures significantly lower, with the 25 wt% CB 
filaments at 230 ± 4 ◦C, and both COOH-MWCNT filaments exhibiting 
an onset temperature of 219 ◦C (±4 and ± 1 ◦C for the short and long 
MWCNT, respectively). The higher onset temperatures of the bespoke 
filaments compared to the pure PES is proposed to be due to some 

thermal stabilisation gained by the composite through the incorporation 
of carbon black [38] and MWCNT [39], where the particles themselves 
act as physical barriers for gas diffusion out of the polymer, slowing the 
rate of decomposition [40]. 

The conductive filler contents listed within Table 1 are noticeably 
lower than the final mass obtained for each composite. This is due to the 
charring of the PLA in the nitrogen atmosphere, leaving residual mass in 
the sample pan, which can be seen within the pure rPLA sample run. 
Therefore, filler content is taken as the final average mass of the com-
posite minus the average charred mass of the rPLA. Using this method, 
the filler content of the commercial sample was found to be 21 ± 3 wt%, 
which shows good agreement with the 21.43 wt% filler listed by the 
manufacturer [11]. In this work, to produce the optimal balance be-
tween printing and electrochemical performance, the conductive filler 
content was reduced from previous works [5,6], with the filler contents 
calculated at 19 ± 3 wt% for the CB filament, and 20 ± 3 wt% for the S- 
COOH-MWCNT and the L-COOH-MWCNT filaments. 

For the physiochemical and electrochemical characterisation of 
additively manufactured electrodes (AMEs) printed from these fila-
ments, they were printed into simple lollipop shapes, Figure S1A. These 
were printed with a 5 mm disc as the working electrode and a 18 × 1 mm 
stem, keeping the connection length as short as possible to allow for easy 
use, but also the best electrochemical performance [41]. XPS C 1 s 
spectra, Raman spectra and SEM images for the S-COOH-MWCNT and L- 
COOH-MWCNT are presented in Fig. 2. XPS analysis was performed to 
investigate the chemical composition of the AMEs as printed and then 
after activation. In comparison to previous works [5,6,42], the elec-
trodes herein were activated simply through incubating a droplet of 
NaOH (0.5 M) on the electrode surface for 30 min, as this aligned with 
the facile biosensor production desired. Figure S3 shows the XPS C 1 s 

Fig. 1. A) Schematic for the production of filament in this work containing 65 wt% r-poly (lactic acid), 10 wt% poly(ethylene succinate), 15 wt% carbon black, and 
10% carboxylated multi-walled carbon nanotubes. B) Photographs of the long-COOH-MWCNT filament i) straightened and ii) bent, highlighting the flexibility of the 
filament. C) Thermogravimetric analysis of the different filaments explored in this work and their key component parts. 

Table 1 
Thermogravimetric analysis of the different components and filaments used 
throughout this work. Highlighting the average onset temperatures, average 
final masses, and the conductive filler contents where applicable. Uncertainties 
in the values represent the standard deviation from three separate 
measurements.  

Sample Onset Temp 
1 
(◦C) 

Onset Temp 
2 
(◦C) 

Final 
Mass 
(wt%) 

Filler 
Content 
(wt%) 

Natural PLA 305 ± 5 N/A 3 ± 2 N/A 
PES 198 ± 1 N/A 1 ± 1 N/A 
Commercial 304 ± 2 436 ± 4 24 ± 2 21 ± 3 
rPLA/CB 230 ± 4 N/A 22 ± 1 19 ± 3 
rPLA/CB/S-COOH- 

MWCNT 
219 ± 4 N/A 23 ± 1 20 ± 3 

rPLA/CB/L-COOH- 
MWCNT 

219 ± 1 N/A 23 ± 1 20 ± 3  
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spectra for the as-printed AMEs, with both the short and long MWCNT 
samples showing a small asymmetric peak, which was assigned as sp2 

graphitic carbon and used to calibrate the rest of the spectrum by setting 
its centra to 284.5 eV in accordance with graphitic carbon. Both as- 
printed AMEs show three additional major peaks in the C 1 s spectrum 
of similar peak heights and increasing in binding energy. These are 
attributed to the increasingly oxidised carbon environments in PLA and 
PES. 

For the activated AMEs, Fig. 2A and B, it can be seen that there is a 
large increase in magnitude of the graphitic sp2 carbon peak, which is 
again set as 284.5 eV and used to calibrate the rest of the spectrum. Once 
more there are three carbon environments present of an increasingly 
oxidised nature, corresponding to both PLA and PES. In addition to these 
peaks, there is a small peak required at even higher binding energies 
consistent with π-π* transitions in graphitic materials. The large increase 
in magnitude of the graphitic peak and appearance of the π-π* transition 
peak gives evidence toward the successful activation of the AMEs 
through stripping of the PLA and PES, revealing enhanced amounts of 
the CB and MWCNTs present in the composite. 

Raman analysis was performed on these samples, Fig. 2 C and D, 
showing the characteristic D and G bands for MWCNTs present at ~1300 
and 1600 cm− 1. It can be seen that there is an increase in the intensity of 
the G band present in the long MWCNT compared to the short MWCNT. 
This is expected as the G band originates from the sp2 bonded graphitic 
carbon and the D band corresponds to the open end (or defects) of a 
carbon nanotube, of which there is expected to be more for the shorter 
MWCNT in the same mass [43,44]. The increased length of the MWCNT 
and presence of them on the surface is confirmed through SEM imaging, 
Fig. 2 E and F. Nanotube structures can clearly be seen on the SEM 
images alongside the small spherical particulates which correspond to 
the CB particles in the composite. Fig. 2F highlights the long COOH- 
MWCNTs, showing a high density of MWCNT that bridge along the 
AME giving rise to its excellent conductivity. Following this, it is 
important to characterise the AMEs against common redox probes to 
help elucidate their electrochemical properties before use in the 
genosensor. 

3.2. Electrochemical characterisation of additive manufacturing 
electrodes (AMEs) 

All electrochemical characterisation of the AMEs in this work was 
performed using the lollipop electrodes outlined in Figure S1 A, 

alongside a nichrome wire counter electrode (CE) and commercial Ag| 
AgCl reference electrode (RE). This was done to maintain consistency 
and ensure all electrochemical effects seen were due to the AME and not 
variations in the print or composition of the CE or RE. The four lollipop 
electrodes studied were printed from commercial conductive filament, 
and three lab-made bespoke filaments consisting of 25 wt% CB, or 15 wt 
% CB + 10 wt% S-COOH-MWCNT, or 15 wt% CB + 10 wt% L-COOH- 
MWCNT. Initial electrochemical characterisation was performed for the 
as-printed AMEs against the near-ideal outer sphere redox probe hex-
aamineruthenium (III) chloride (RuHex) [45]. Fig. 3A shows the CV 
obtained at 25 mv s-1 with and without RuHex (1 mM, 0.1 M KCl) for 
AMEs printed from each filament. It is evident that the lab-made CB 
filament presents significantly lower peak-to-peak (ΔEp) separation 
when compared to the commercial CB filament, but both produce 
similar peak currents, even though TGA analysis indicated that the lab- 
made filament had slightly less conductive filler. In contrast, both fila-
ments containing MWCNT showed significantly increased peak currents, 
in addition to an improved ΔEp. Scan rate studies in these conditions 
allowed the determination of the heterogeneous electrochemical rate 
constant (ko) and the real electrochemical surface area (Ae) [46], sum-
marised in Table S1. It can be seen that all bespoke AMEs showed sig-
nificant improvements over the commercial one in all categories with 
the L-COOH-MWCNT AME producing a k0 = (1.37 ± 0.35) × 10-3 cm s− 1 

compared to 0.46 ± 0.10 × 10-3 cm s− 1 for the commercial filament. To 
further see how the performance of the bespoke AMEs compared to the 
commercial, EIS was performed in RuHex. Fig. 3B shows the Nyquist 
plots obtained, where it can be seen that the bespoke filaments offer 
significantly lower charge-transfer resistance (RCT). Through fitting of 
the Nyquist plots with an appropriate Randles circuit, the RCT was 
quantified; with the commercial AME producing a value of 832 ± 176 Ω, 
compared to 183 ± 4 Ω for the S-COOH-MWCNT and 106 ± 4 Ω for the 
L-COOH-MWCNT. This gives evidence toward the bespoke MWCNT 
filaments having far better electrochemical characteristics and being 
significantly more consistent. 

To further study the electrochemical characteristics of the AMEs, 
scan rate studies were performed before and after activation in ferro-
cenemethanol (1 mM, 0.1 M KCl). The cyclic voltammograms at 25 mV 
s− 1 with and without the presence of ferrocenemethanol are presented in 
Fig. 3C, and the corresponding Randles–Ševčík plot obtained from the 
study is shown in Fig. 3D. From the CVs it can be seen that again the 
filament containing the MWCNT significantly outperform the commer-
cial filament in terms of both ΔEp and obtained peak current. The 

Fig. 2. A) XPS C 1 s analysis, B) Raman analysis, and C) SEM image of the activated AME made with short-COOH-MWCNT. D) XPS C 1 s analysis, E) Raman analysis, 
and F) SEM image of the activated AME made with long-COOH-MWCNT. 
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summary of the data obtained from this study is presented in Table 2. 
Improvements in every AME can be seen after activation by incubation 
in NaOH, with the L-COOH-MWCNT AME performing the best in every 
category. This AME produced a k0 of (1.85 ± 0.42) × 10-3 cm s− 1 and an 
electrochemically active area of (2.11 ± 0.03) cm2 compared to (1.19 ±
0.19) × 10-3 cm s− 1 and (1.35 ± 0.02) cm2 for the commercial filament. 
The improved electrochemical performance and presence of carboxyl 
groups on the surface of the electrode made the L-COOH-MWCNT fila-
ment most suited for use in the genosensor. 

3.3. Design and production of bespoke recycled cell 

CAD (computer aided designs) images of the AM electrochemical cell 
for the genosensor are presented in Fig. 4, with multiple perspectives 
highlighting the key aspects of the design. The design was split into three 
separate prints, shown in Fig. 4 A: the working electrode (WE) from the 
bespoke conductive filament, the top part of the cell with reference and 

counter electrodes embedded into the print, and the base plate which fits 
the WE and has heat-set inserts placed within to allow for secure 
fastening to avoid possible leaks. This design allowed the top and bottom 
parts of the electrochemical cell to be identical for all different com-
positions of the working electrode, with both the reference and counter 
electrodes printed using the commercially available conductive fila-
ment. The top part of the cell was designed with both the reference and 

Fig. 3. A) Cyclic voltammograms (25 mV s− 1) with 
and without the presence of hexaamineruthenium 
(III) chloride (1 mM, 0.1 M KCl) for AMEs printed 
from the four different filaments. B) Nyquist plot for 
each AME in hexaamineruthenium (III) chloride (1 
mM, 0.1 M KCl). Inset enlarged Nyquist plot and fit 
for the long-COOH-MWCNT filament. C) Cyclic vol-
tammograms (25 mV s− 1) with and without the 
presence of ferrocenemethanol (1 mM, 0.1 M KCl) 
for AMEs printed from the four different filaments. 
D) A plot of peak current versus the square-root of 
the scan rate comparison for the AMEs printed with 
the three bespoke filaments and the commercial 
filament. Performed against an Ag|AgCl reference 
electrode and nichrome wire counter.   

Table 2 
Comparison of the calculated heterogenous electron rate constant, ko and elec-
troactive area for AMEs printed using the four filaments before and after acti-
vation. Calculated using ferrocenemethanol (1 mM, 0.1 M KCl) and a geometric 
area of 0.236 cm2. Uncertainties in the values represent the standard deviation 
from three separate measurements.  

AME Filament k0 (×10-3 cm 
s− 1) 

Areal (cm2) Areal 

(%) 

Commercial As printed 0.66 ± 0.10 0.64 ±
0.04 

64 ± 4 

CB Activated 1.19 ± 0.19 1.35 ±
0.02 

135 ± 2 

r-PLA, 25% CB As printed 1.53 ± 0.50 1.17 ±
0.04 

117 ± 4 

Activated 1.83 ± 0.44 1.76 ±
0.04 

176 ± 4 

r-PLA, 15 % CB As printed 1.47 ± 0.31 0.90 ±
0.02 

90 ± 2 

10% S-COOH- 
MWCNT 

Activated 1.70 ± 0.35 2.04 ±
0.02 

204 ± 2 

r-PLA, 15 % CB As printed 1.74 ± 0.58 0.82 ±
0.04 

82 ± 4 

10% L-COOH- 
MWCNT 

Activated 1.85 ± 0.42 2.11 ±
0.03 

211 ± 3  

Fig. 4. A) CAD Images of the cell used for the genosensor, including A) sepa-
rate component parts including separate working electrode, bottom cell with 
heat-set inserts, and top cell with embedded reference and counter electrodes. 
B) Top view of the combined cell showing the working electrode in the base 
with counter and reference on each side. C) Cut through of the cell showing the 
dimensions of the working electrode. D) Isometric cut through highlighting the 
embedded lip of the cell to improve droplet immobilisation. 
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counter electrodes having the same size (3x WE surface area). This also 
avoided any possibility of variation happening in the electrochemistry 
due to using different materials or sizes as the reference and counters. 
This electrochemical cell was designed to hold a small sample volume of 
200 µL, meaning that multiple measurements could be done from a 
single blood sample. The working electrode was printed as a t-shape as 
seen previously [6], which allowed for the simple sealing of the system 
with an O-ring. The WE had an overall horizontal connection length of 
12 mm and vertical of 4.6 mm (Fig. 4 C), which was the smallest that was 
reproducibly printable, keeping the connection length as short as 
possible due to the effect this can have on the electrochemical response 
of AMEs [41]. Additionally, on the top part of the electrochemical cell a 
small lip was added around where the working electrode sat, Fig. 4D. 
This is an important addition that allows for the reproducible applica-
tion of droplets used in activation and biosensor production, stoppling 
solution from spilling onto the surrounding non-conductive PLA. This 
cell was then applied to the production and use of the genosensor to-
wards Yellow Fever Virus cDNA. 

3.4. Biosensor production, characterisation, and application 

The genosensor for the detection of Yellow Fever Virus target 
sequence was constructed through a facile droplet methodology as 
outlined in Fig. 5A, utilising the specially designed lip in the electro-
chemical cell for holding the droplets in position over the WE. The WE is 
placed inside the electrochemical cell and incubated with a droplet of 
NaOH (0.5 M) for 30 min to activate the AME surface. Following this, 
EDC/NHS coupling of the DNA capture probe is performed, linking the 
amine terminated probe to the carboxyl groups on the AME surface. The 
remaining free surface is then blocked with BSA and the sensing plat-
form is ready to use. Tracking of these AME modification steps is shown 
in Fig. 5B through anodic square wave voltammograms (SWV) in pres-
ence of ferrocenemethanol (1.0 mM FcMeOH) as the redox probe. De-
creases in the obtained peak current can be seen between the bare AME 
surface, for the attachment of the DNA capture probe, blocking of the 
surface with BSA and finally for incubation with the DNA target. Due to 

the activation of the AME surface using NaOH, and the nature of the 
carbon fillers used in their production, carboxyl groups are expected to 
be in all samples. The biosensor modification process was therefore 
applied to all AMEs, with the overall peak current change after incu-
bation with 1 µM Yellow Fever Virus cDNA plotted in Fig. 5C. As ex-
pected, there is a change in the current for all AMEs but a significantly 
larger change for the COOH-MWCNT systems due to the presence of the 
already carboxylated MWCNTs. In this case, again the L-COOH-MWCNT 
AMEs produced the biggest change in current with excellent reproduc-
ibility and was therefore chosen for further tests. 

The detection of Yellow Fever virus target sequence in buffered so-
lution with the L-COOH-MWCNT AMEs was tested using anodic linear 
sweep voltammetry (ALSV, Figure S3A), anodic square wave voltam-
metry (ASWV, Fig. 6A) and cathodic square wave voltammetry CSWV, 
Figure S3B). In all cases there is a clear decrease in the measured peak 
currents with the increased concentration of the target sequence. The 
key analytical parameters obtained for each detection methodology are 
presented in Table S2, where the ASWV gave the best performance. 
Using ASWV, a linear dynamic range (LDR) of 0.5–15 µM with an R2 of 
0.9995, sensitivity of 11.9 ± 0.1 µA µM− 1, limit of detection (LOD) of 
0.138 µM and limit of quantification (LOQ) of 0.461 µM were obtained. 
The LOD and LOQ were calculated based on the IUPAC definition (LOD 
= 3σ/s and LOQ = 10σ/s) where σ is the standard deviation of the 
baseline noise and s is the analytical sensitivity of the calibration curve 
[47]. The performance of the proposed AM genosensor was compared to 
other biosensors reported in the literature for the diagnosis of Yellow 
Fever Virus, as shown in Table 3 [48–51] which shows our proposed 
sensor compares well. 

The specificity of the proposed system using L-COOH-MWCNT was 
tested after the hybridization reaction with 10 µM Yellow Fever virus 
cDNA and 10 µM Dengue virus cDNA as the negative target, Fig. 6B and 
S4A. It can be seen that there was no significant change in the measured 
peak current for the incubation with Dengue virus cDNA, and a large 
decrease from 192 ± 18 µA to 88 ± 6 µA when the sensing platform was 
incubated with Yellow Fever virus cDNA. This proves that negative 
targets have no complementary hybridization with the YFV capture 

Fig. 5. A) Schematic representation of the genosensor production by drop-casting: immobilization of the DNA capture probe by using EDC/NHS, BSA for nonspecific 
interactions, and cDNA hybridization reaction. B) Square wave voltammetric tracking of the different immobilisation steps. C) Plot showing the overall change in 
peak current obtained when performing the immobilisations steps on electrodes made from each of the four filaments. 
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sequence; thus, the proposed genosensor showed a specific detection for 
Yellow Fever virus cDNA target. Furthermore, the repeatability was 
tested through measuring six separate sensing platforms with the incu-
bation of 1 µM Yellow Fever virus cDNA, Fig. 6C. It can be seen that 
using the ASWV methodology an RSD of 2.10% (n = 6) was obtained, 
highlighting the reliability of the system. The stability over time of the 
system was also investigated, with measurements taken 1, 2, 4, 6 and 8 
weeks after biosensor production, stored at 4 ◦C. There is minimal 
decrease in the measured currents for the first 4 weeks, and then a 
decrease to 69.2% of the original genosensor response 8 weeks after 
production. This highlights the stability of the proposed genosensor 
platform. This combined with the ability to print sensors anywhere with 
power for a print and the facile droplet production methodology would 
allow these genosensor platforms to be produced in low-resource envi-
ronments. The proposed L-COOH-MWCNT additive manufacturing 

genosensor was then tested toward the detection of Yellow Fever virus 
target sequence in spiked human serum samples, presented in Table 4 
and Figure S4B. This was tested in triplicate with three separate con-
centrations of spiked Yellow Fever virus cDNA. The proposed additive 
manufacturing genosensor platform obtained good recovery values of 
95.6–105%, highlighting the applicability of the biosensor. 

The development of a new additive manufacturing filament con-
taining carboxylated MWCNT and its application to the facile produc-
tion of genosensors has the potential to transform the global response to 
future disease outbreaks. It combines the advantages of additive 
manufacturing, where the design of sensors can be completed anywhere 
in the world and produced in-situ through transferring the print file, and 
the benefits of facile droplet modification where no skilled production 
staff are required. We foresee this technology being translated into use 
for other biorecognition elements and applications, enabling disease 
monitoring in point-of-care devices such as for sepsis, and emergent or 
cardiac diseases. 

4. Conclusions 

This work describes the production of bespoke conductive additive 
manufacturing feedstock from recycled PLA embedded with carboxyl-
ated multi-walled carbon nanotubes. The unique composition of this 
filament - comprising of 65 wt% rPLA, 10 wt% PES, 15 wt% CB, and 10 
wt% L-COOH-MWCNT - allows for the facile production of a genosensor 

Fig. 6. A) Anodic square wave voltammograms 
corresponding to the detection of Yellow Fever virus 
cDNA using the AM genosensor with a working 
electrode using the long-COOH-MWCNT filament. B) 
Selectivity plot showing the change in peak current 
obtained in the presence of Yellow Fever virus, 
Dengue virus and a control using the long-COOH- 
MWCNT filament. C) Reproducibility study for the 
detection of 1 µM Yellow Fever virus cDNA onto six 
different AMEs from the long-COOH-MWCNT fila-
ment. D) Stability study for the detection of 1 µM 
Yellow Fever virus cDNA onto the genosensor be-
tween 1 and 8 weeks. (For interpretation of the ref-
erences to colour in this figure legend, the reader is 
referred to the web version of this article.)   

Table 3 
Comparison of the performance of the produced additive manufacturing genosensor to other yellow fever virus biosensors in the literature.  

Assay/Probe Target Technique LDR LOD Ref. 

Lateral flow strips with conjugate pads loaded with Ag NPs / Anti-YFV 
NS1 antibodies 

NS1 protein Colorimetry 0–500 
ng mL− 1 

150 
ng mL− 1 

51 

Paper-based device using a screen-printed carbon electrode decorated 
with ZnO NPs / YFV DNA 

YFV DNA Cyclic Voltammetry 0.01–100 µM 0.01 µM 48 

Self-assembled monolayer based on a gold electrode decorated with 
ZnO NPs / Concanavalin A lectin 

YFV attenuated 
vaccine strain 

Electrochemical Impedance 
Spectroscopy 

0.036–0.18 pfu 
mL− 1 

0.0437 
pfu 
mL− 1 

52 

Sandwich enzyme-linked oligonucleotide assay / YF NS1-31 capture 
aptamer 

YFV-NS1 aptamers Spectroscopy / Colorimetry 1.56–200 nM 0.85 nM 49 

3D r-PLA/CB/L-COOH-MWCNT / YFV DNA YFV cDNA Square Wave Voltammetry 0.5–15 µM 0.138 
µM 

This 
work  

Table 4 
Detection of Yellow Fever virus cDNA in spiked human serum. Uncertainties in 
the values represent the standard deviation from three separate measurements.   

Added 
(µM) 

Found 
(µM) 

Recovery 
(%) 

RSD 
(%) 

Human Serum Sample  1.00 1.05 ± 0.12 105  4.71  
5.00 5.11 ± 1.06 102  2.17  

10.0 9.56 ± 1.95 95.6  4.38  
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through simply applying droplets to the working electrode surface, held 
in place by the bespoke AM electroanalytical cell. This droplet modifi-
cation is extended to the activation of the AME, which historically has 
been done through electrochemical means. The filament exhibited a 
significantly enhanced electrochemical performance with a measured k0 

of (1.85 ± 0.42) × 10-3 cm s− 1 and an electrochemically active area of 
(2.11 ± 0.03) cm2 compared to (1.19 ± 0.19) × 10-3 cm s− 1, and (1.35 
± 0.02) cm2 for an identical AME printed with the commercial filament. 
When the assembled genosensor was applied to the detection of Yellow 
Fever virus target sequence using anodic square wave voltammetry, a 
linear dynamic range (LDR) of 0.5–15 µM was obtained with an R2 of 
0.9995, sensitivity of 11.9 ± 0.1 µA µM− 1, and limit of detection (LOD) 
of 0.14 µM. Additionally, the L-COOH-MWCNT AM genosensor provided 
excellent selectivity when Dengue virus sequences were used. Over 
multiple measurements, the genosensor achieved impressive reproduc-
ibility with an RSD of just 2.10% and maintained 95% of the original 
signal 4 weeks after production. The system was successfully applied to 
the detection of Yellow Fever virus target sequence within human blood 
serum samples, achieving recoveries between 95.6 and 105%. This work 
shows how bespoke filament can be produced for additively manufac-
tured electrochemical biosensors, enhancing the recognition element 
binding and electrochemical performance of the sensor. Additive 
manufacturing allows for the design of these devices anywhere, with the 
print then able to be produced at the site where needed most. We expect 
the use of this filament and filaments with further modified advanced 
materials to help additive manufacturing electrochemistry realise its 
potential in the global healthcare field. 
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