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ARTICLE INFO ABSTRACT

Keywords: Current reports of healthcare sensors within literature that use additive manufacturing electrochemistry all
Additive manufacturing (3D-printing) utilise conductive PLA, which is unsuitable for widespread use within the industry. Poly(ethylene terephthalate
Sustainability glycol (PETg) is a polymeric material with proven attributes for additive manufacturing due to its thermal and
lL)J];:iTcgacid mechanical properties. Likewise, its excellent chemical stability transforms PETg into a desirable alternative for

developing healthcare sensing devices. In this work, we report the production, physicochemical and electro-
chemical characterisations, as well as the electroanalytical performance of an enhanced electrically conductive
additive manufacturing filament made with recycled poly(ethylene terephthalate glycol (rPETg) and a combi-
nation of carbon black, multi-walled carbon nanotubes and graphene nanoplatelets as conductive fillers. The
post-print activation of additive manufactured electrodes from this material is optimised and shown to produce
enhanced electrochemical performance compared to non-activated electrodes, with a k% of 1.03x1073 ¢cm s~
The sterilisation for the real application of sensors in the biomedical field is a critical point, the electrodes were
submitted to standard UV light treatment showing to be reliable compared to PLA in the determination of uric
acid (30-500 pM) and sodium nitrite (0.1-5 mM) within synthetic urine using differential pulse voltammetry and
chronoamperometry techniques. A sensitivity and LOD for uric acid of 25.7 pA uM ! and 0.27 pM, and 52.6 pA
mM~! and 2.69 uM for nitrite were obtained within synthetic urine, respectively. The re-useability of the
electrodes was also tested for the detection of uric acid, showing that the electrode could be used up to 10 times
before a significant decrease in the results was observed. We demonstrate that a new conductive rPETg with
superior electrochemical performance has a prominent place within the development of additive manufactured-
printed healthcare sensors due to its ability to be sterilised and re-used, low solution ingress, and its potential to
tackle rising costs and plastic waste problems within the healthcare sector.

Sodium nitrite
Health care sensor

1. Introduction

Additive manufacturing has become a staple tool within the elec-
trochemists’ arsenal as it allows for the production of parts on-demand
with low (potentially zero) waste, rapid prototyping capabilities, a high
degree of customisability, ease for global collaboration, and the ability
to make complex geometries [1-4]. This is achieved through the
simplified and local workplan of additive manufacturing, whereby a
computer-aided design (CAD) file is created, and then processed into a
physical 3D object through the application of consecutive, layered
cross-sections of material onto a build platform. In particular, Fused
Filament Fabrication (FFF) has been embraced by electrochemists due to
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its relatively low-cost of entry, with both printers and printing material
well within the budget of most research teams. FFF functions through
the extrusion of a millimetre scale thermoplastic polymer through a
nozzle heated to an appropriate temperature. The movement of the
printer head then draws a think cross-section of the molten polymer onto
the print bed, or previously deposited layers, to build the 3-dimensional
object once the polymer cools and solidifies. This manufacturing tech-
nique has been utilised within electrochemical labs for the production of
bespoke accessories, equipment, electrochemical cells and electrodes of
varying geometries [5-7].

To produce electrodes, electrically conductive filament must be used,
of which there are a few commercially available options. The two most
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commonly used within the electrochemical literature both utilise poly
(lactic acid) (PLA) as the base polymer, which is then filled with a
conductive carbon to induce conductivity. Utilising these filaments,
electrochemists have reported additively manufactured electrodes for
use within energy applications [8-11] and electroanalysis, including for
forensic [12-14], environmental [15-17], and biosensing applications
[18-20]. Although the additive manufactured nature of these platforms
offers its unique advantages, the electrochemical performance of many
of these devices remains significantly inadequate compared to more
classical electrodes. As such, there has recently been a push by some
research groups to produce their own bespoke electrically conductive
filament, with significantly greater conductivity than their commer-
cially available counterparts. The base polymer for these filaments is
commonly embedded with nanofillers through either solvent mixing or
thermal mixing, with Crapnell and co-workers having recently reported
a review on their production [21]. There are numerous recent examples
of bespoke additive manufacturing filament, offering significantly
enhanced electrochemical performance over the commercial alternative
for energy applications [22,23], water electrolysis [24] and electro-
analysis [25-31]. Recently, there has been an emphasis placed on
improving the sustainability of these filaments, with Sigley and
co-workers first reporting the use of recycled PLA to produce conductive
filaments for the electroanalytical detection of caffeine [32]. Following
this, Crapnell and co-workers showed that used electroanalytical sensors
could be recycled into filament and re-used to create identical sensing
platforms [33], and then also showed how the plasticiser used to create
conductive filament could be changed to bio-based castor oil, whilst still
producing filament with excellent conductivity and low-temperature
flexibility [34].

Although these bespoke filaments all show excellent electrochemical
performance, they are all still utilising PLA as the base polymer for
filament production and are therefore limited by the physicochemical
properties provided by PLA. It has been shown that over multiple years
the electrochemical performance of conductive PLA deteriorates, even
with proper storage [35]. Additionally, ingress of water is a significant
issue with regards to PLA-based additive manufactured electrodes,
showing an increase in mass of 1-1.5 % and a subsequent reduction in
the measured peak currents [36]. Finally, PLA offers some of the worst
chemical resistances out of the commonly available additive
manufacturing feedstocks [37], meaning that additive-manufactured
electrodes made from these feedstocks will always have somewhat
limited applications.

PETg, a glycol-modified PET (polyethylene terephthalate) copolymer
has found a great amount of applications within the additive
manufacturing field, with special emphasis in the FFF process, due to its
excellent thermoforming, layer adhesion, and comparatively low-cost
[38]. Like its precursor, PETg presents an excellent chemical resis-
tance, good tensile toughness, flexibility and transparency, making of
PETg another fantastic candidate for additive manufacturing applica-
tions. For example, reinforced PETg with carbon fibers or graphene has
been proven satisfactory in engineering applications [39]. Also, due to
its unique characteristics as a biomaterial, PETg has been actively
applied in modern medicine, such as tissue engineering [40], dental,
cardiovascular, pharmaceutical and surgical related applications [41].
Recently, it has been reported for the first time the fabrication of elec-
trically conductive PETg to overcome some drawbacks found for PLA in
electrochemical sensing applications, paving the way for novel appli-
cations of this material as electrochemical devices. [42]. In this work,
the authors used recycled PETg with a combination of conductive
nanomaterials to produce a filament with a total filler loading of 30 wt
%. In this case, a base amount of carbon black (CB, 25 wt%) was com-
bined with graphene nanoplatelets (GNPs, 2.5 wt%) and multi-walled
carbon nanotubes (MWCNT, 2.5 wt%), with the work showing that
the combination of all three nanomaterials provided a significantly
improvement over loading with only 30 wt% carbon black or incorpo-
rating 5 wt% of a single additional nanomaterial. The combining of
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nanomaterials to create an additive manufacturing filament with
improved conductivity and electrochemical performance has also been
seen previously for PLA based filaments, where combining MWCNT and
carbon black produced a high performance sensors for acetaminophen
and phenylephrine [27]. For the PETg filament mentioned above, the
authors compared the electrochemical performance to the commonly
used commercial conductive PLA and showed that it could match the
performance. However, this means that the electrochemical perfor-
mance of this filament is still some way off that of the bespoke PLA
filaments that have been reported.

In the present work, we look to produce an electrically conductive
recycled PETg (rPETg) with enhanced conductivity compared to previ-
ously reported by increasing in 5 % the total carbon loading in the
filament without additional plasticiser. We aim to further improve the
electrochemical performance of the additive manufactured-printed
electrodes produced with the new filament through the optimisation
of a mechanical activation procedure. We then look to exploit the ad-
vantageous chemical properties of PETg compared to PLA by investi-
gating the feasibility of using both platforms in healthcare settings while
detecting critical analytes in urine after electrodes undergoing standard
UV sterilisation. Finally, we will look at the re-use of these electrodes to
reduce the amount of plastic healthcare waste, which will, in turn, in-
crease the chances of additive manufactured healthcare sensors
becoming commercially realised.

2. Experimental
2.1. Chemicals

All chemicals used were of analytical grade and used as received
without any further purification. All solutions were prepared with
deionised water of resistivity not less than 18.2 MQ cm from a Milli-Q
Integral 3 system from Millipore UK (Watford, UK). Hexaaminer-
uthenium (III) chloride (98 %), potassium ferricyanide (99 %), potas-
sium ferrocyanide (98.5-102 %), sodium hydroxide (>98 %), potassium
chloride (99.0-100.5 %), graphene nanoplatelets (>95 wt%), uric acid
(99 %), sodium nitrite (>99 %) and phosphate-buffered saline (PBS)
tablets were purchased from Merck (Gillingham, UK). Acetone (>99 %),
acetonitrile (>99.9 %), chloroform (>99 %), dimethyl formamide
(99+%), and tetrahydrofuran (99.8 %) were purchased from Fisher
Scientific UK (Loughborough, UK). Carbon black (CB, C—NERGY Super
C65) was purchased from PI-KEM (Tamworth, UK). Multi-walled carbon
nanotubes (MWCNT, 10-30 um length, 10-20 nm outer diameter, >95
wt% purity) were purchased from Cheap Tubes (VT, United States).
Recycled PETg was obtained from old lab prints, originally printed from
Multicomp Pro PETG Natural 3D (1.75 mm) printer filament, which was
purchased from Farnell (Leeds, UK) along with commercial conductive
PLA/carbon black filament (1.75 mm, ProtoPasta, Vancouver, Canada).

2.2. Recycled filament production

Prior to any mixing or filament production, all rPETg was dried in an
oven at 60 °C for a minimum of 2.5 h, which removed any residual water
in the polymer. The polymer composition was prepared using 67 wt%
rPETg and 33 wt% conductive filler. The conductive filler was split
equally between the three constituents, 11 wt% carbon black, 11 wt%
multi-walled carbon nanotubes and 11 wt% graphene nanoplatelets. The
components were added into a chamber of 63 cm[3] and mixed at 230
°C with Banbury rotors at 70 rpm for 5 min using a Thermo Haake
Poydrive dynameter fitted with a Thermo Haake Rheomix 600 (Ther-
mo-Haake, Germany). The resulting polymer composite was allowed to
cool to room temperature before being granulated to create a finer
granule size using a Rapid Granulator 1528 (Rapid, Sweden). The
collected and processed through the hopper of an EX6 extrusion line
(Filabot, VA, United States). The EX6 was set up with a single screw and
had four set heat zones of 60, 230, 230 and 235 °C respectively. The
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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.

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 ready for printing
by the open-source software, PrusaSlicer (Prusa Research, Prague, Czech
Republic). The additive manufacturing electrodes were 3D-printed using
fused filament fabrication (FFF) technology on a Prusa i3 MK3S+ (Prusa
Research, Prague, Czech Republic). All additive manufacturing elec-
trodes were printed using a 0.6 mm nozzle with a nozzle temperature of
250 °C, 100 % rectilinear infill [43], 0.15 mm layer height, and print
speed of 35 mm s '. All additive manufactured electrodes used
throughout this work were “lollipop” designs with a 5 mm disc, 8 x 2
mm connection stem and 1 mm thick. In all cases, polyimide tape was
placed on top of the print bed as PETg can cause damage upon removal
due to the strength of adhesion.

2.4. Activation procedures

Activation of the additive manufactured electrodes was performed in
different ways. For solvent activation, the electrode was placed within a
vial of the solvent and sonicated for 10 min before being washed with
deionised water and dried thoroughly before use.

Mechanical activation was performed initially using emery paper
(800 grit) (3 M, Bracknell, UK). Mechanical polishing was performed
using a Dremel® Model 200 Multi-Tool with 4 sanding accessories
(pictured in the SI).

Electrochemical activation of the additive manufactured electrodes
was performed in NaOH, as described in the literature [44]. Briefly, the
additive manufactured electrodes were connected as the working elec-
trode in conjunction with a nichrome wire coil counter and Ag|AgCl (3
M KCl) reference electrode and placed in a solution of NaOH (0.5 M).
Chronoamperometry was used to activate the additive manufactured
electrodes by applying a set voltage of + 1.4 V for 200 s, followed by
applying — 1.0 V for 200 s. The additive manufactured electrodes were
then thoroughly rinsed with deionised water and dried under com-
pressed air before further use.

2.5. 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. It 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 approximately 700x300
pm, the FWHM of the Ag 3d5/2 peak using a pass energy of 20 eV was
0.613 eV. Before analysis, each sample was ultrasonicated for 15 min in
propan-2-ol and then dried for 2.5 h at 65 °C as shown in our unpub-
lished data to remove excess contamination and minimise the risk of
misleading data. Baseline correction was performed using the Shirley
background, the graphitic peaks were fitted using an asymmetric peak
and the other carbon peaks were fitted using symmetric peaks. The
binding energy scale was calibrated by setting the graphitic sp [2] C 1s
peak to 284.5 eV; this calibration is acknowledged to be flawed [45] 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) micrographs were obtained
using a Crossbeam 350 Focussed Ion Beam - Scanning Electron
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Microscope (FIB-SEM) (Carl Zeiss Ltd., Cambridge, UK) fitted with a
field emission electron gun. Imaging was completed using a Secondary
Electron Secondary Ion (SESI) detector. Samples were mounted on the
aluminium SEM pin stubs (12 mm diameter, Agar Scientific, Essex, UK)
using adhesive carbon tabs (12 mm diameter, Agar Scientific, Essex, UK)
and coated with a 3 nm layer of Au/Pd metal using a Leica EM ACE200
coating system before imaging.

Raman spectroscopy was performed on a Renishaw PLC in Via
Raman Microscope controlled by WiRE 2 software at a laser wavelength
of 514 nm between 3000 and 100 cm . Performed with a laser power of
2 mW, 20 sample exposures, and a lateral resolution of 1 pm.

2.6. Electrochemical experiments

All electrochemical measurements were performed on an Autolab
100 N potentiostat controlled by NOVA 2.1.6 (Utrecht, the Netherlands).
The electrochemical characterisation of the bespoke filament and com-
parison to the benchmarks were performed using a lollipop design (@ 5
mm disc with 8 mm connection length and 2 x 1 mm thickness) elec-
trodes alongside either an external commercial Ag|AgCl (3 M KCI)
reference electrode with a nichrome wire counter electrode or an ad-
ditive manufactured reference electrode with an AM counter electrode.
All solutions of Hexaamineruthenium (III) chloride were prepared using
deionised water of resistivity not less than 18.2 MQ cm from a Milli-Q
system (Merck, Gillingham, UK) and were purged of Oy thoroughly
using N before any electrochemical experiments.

2.7. Sterilisation and microbiology experiments

To sterilise the additive manufactured electrodes, they were placed
within an Anycubic Wash and Cure Plus station and irradiated with UV
light for 4 h. Following irradiation, electrodes were aseptically trans-
ferred to individual 30 mL sterile universal tubes containing 10 mL of
sterile Tryptone Soya Broth (TSB, Oxoid, UK), that had been prepared
following manufacturers requirements. Each tube was incubated,
shaking at 150 rpm (50 mm throw), at 37 °C (optimal temperature for
human bacterial pathogens to grow) for 18 h. Each tube was then
assessed for the presence of microbial growth (as indicated by TSB
turning cloudy).

3. Results and discussion

In previous work, it was shown that the addition of 2.5 wt% MWCNT
and 2.5 wt% GNPs in combination with 25 wt% CB was adequate
nanocarbon incorporation to produce an electrically conductive addi-
tive manufacturing filament from rPETg that gave similar electro-
chemical performance to the commercially available conductive PLA
commonly used throughout the electrochemical literature [42]. The
rPETg filament was activated using the chronoamperometric method
within aqueous sodium hydroxide (0.5 M), which is well-established for
PLA [44]. However, there have been many other methods trialled for
PLA, and therefore we will look to explore alternative methods to
improve the performance of conductive rPETg toward inner-sphere
probes. To further improve on the conductivity of the rPETg and the
electrochemical performance of the additive manufactured electrodes
produced from this filament, we look to further increase the loadings of
MWCNT and GNPs in line with CB, resulting in a filament containing 11
wt% of each material, leading to an overall 3 wt% increase in total
nanocarbon filler. We found that this overall loading of 33 wt% was the
maximum that could be achieved through thermal mixing methodology
within our rPETg polymer, without the addition of a further plasticiser
compound. Combinations of carbon allotropes with different morphol-
ogies has been seen within previous work to improve the conductive
network through the native insulating materials [27,42,46]. It is
important to understand the morphologies and characteristics of the
materials used, even if they are commercially purchased due to possible
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batch to batch variations. Fig. S1 A-C provides SEM images of the three
carbon powders used within this work, where the morphologies can be
seen. Carbon black is present as nanometre scale spherical particles,
graphene nanoplatelets as larger sheets and the multiwalled carbon
nanotubes as long, narrow tubes. The Raman spectra for each of these
powders is found in Fig. S1 D-F, where in all three cases the charac-
teristic intense peaks of graphitic-like structures at 1338, 1572, and
2680 cm™! are present and assigned to the D-, G-, and 2D-bands
respectively. It is noticeable that the G-band within the graphene sam-
ple is significantly larger than the D-band, indicating a high degree of
order and a low number of structural defects. Understanding these in-
dividual structures will help understand the filament when all are
combined.

3.1. Activation of PETg for improved electrochemical performance

When utilising additive manufactured electrodes, it has been seen
that activating the electrode is often required for adequate electro-
chemical performance against inner-sphere redox probes. This is due to
a “gloving” effect upon filament extrusion which leaves a polymeric
layer on the surface of the print embedding the conductive nanofillers
below. This phenomenon has been confirmed for both PETg and PLA in
previous works [12,25,26,34,44], and although some bespoke PLA fil-
aments show good electrochemical performance as printed, it has been
shown that activation still improves the performance of these platforms
[27,32]. For PLA, there has been extensive work looking at different
activation methodologies [47,48]; however, for the previously reported
conductive rPETg only electrochemical activation within aqueous so-
dium hydroxide (0.5 M) was considered. Fig. 1 shows cyclic voltam-
mograms (25 mV s’l) in [Fe(CN)6]4’/3’ (1 mM in 0.1 M KCl) using
additive manufactured electrodes printed from the new conductive
rPETg after various treatments, including simple polishing using emery
paper, electrochemical activation, and sonication within acetone,
acetonitrile, chloroform, DMF, and THF. These solvents were chosen due
to PETg’s poor stability within them [37], therefore their expected
capability to remove PETg from the surface of the print. It can be seen
however that the best performances are obtained for simply polishing
the electrode with emery paper or for electrochemically activating it
within aqueous sodium hydroxide (0.5 M).

After establishing that polishing the electrode significantly improved
the electrochemical performance, the ability to provide a reproducible
finish using a polishing machine was sought. Fig. S2A provides an

A
60 -
40 -
20
<
—
: 21 — Without treatment
c —— Sanded
o -20- —NaOH
= -DMF
S 40 — Acetone
(&] — Acctonitrile
60 —— Chloroform
ot THF
04 02 00 02 04 06 08 1.0
Potential (V) vs. Ag|AgCI

Fig. 1. Cyclic voltammograms (25 mV s Hin [Fe(CN)6]4'/ @1 mMin01M
KCl) using additive manufactured electrodes printed from the developed rPETG
filament untreated and treated through soaking within the named solvent for 10
min, or through sanding (800 grit) with emery paper with a nichrome coil
counter electrode, and Ag|AgCl as the reference electrode.
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overview of the different mechanical polishing heads used, with Fig. S2B
showing that the second machine head provided the best response
within [Fe(CN)g] 4/3= (1 mM in 0.1 M KCD). Following this, it was tested
whether polishing the entire electrode or only the head and connection
would produce the best result. Fig. 2A clearly shows that the best
response was obtained through only polishing the head, where the
electrochemical reaction occurs, and the connection where the crocodile
clip is placed.

Finally, a combination of both polishing followed by electrochemi-
cally activating the additive manufactured electrode was tested. Fig. 2B
presents the cyclic voltammograms (25 mV s~1) obtained within [Fe
(CN)6]4'/ 3 (1 mM in 0.1 M KC]) for both these cases, which clearly shows
an improvement in electrochemical performance when combining both
activation procedures. This procedure was therefore chosen to be used
throughout the rest of this work.

3.2. Physicochemical characterisation of bespoke PETg electrodes

It is important to establish what effect this activation procedure has
on the surface of the additive manufactured electrode. Fig. 3A presents
the XPS C 1s spectra for the as printed additive manufactured electrode,
with the only polished spectra presented in Fig. S3 and the polished and
electrochemically activated spectra in Fig. 3B. For the as-printed elec-
trode, the XPS spectra show good agreement with that published pre-
viously [42], utilising three symmetric peaks fitted for the C-C, C-O and
0O-C=0 bonding found within PETg, with the C-C peak showing a much
higher intensity [49]. For adequate fitting, an asymmetric peak is also
required at 284.5 eV, which is consistent with the X-ray photoelectron
emission by graphitic carbon [50,51]. This graphitic carbon peak is
small, accounting for only 5 % of the composition, which indicates that
the majority of the conductive carbon is not available on the surface of
the electrode. In contrast, both the only polished and polished with
electrochemical activation additive manufactured electrodes showed a
large increase in the asymmetric graphitic peak, with the atomic con-
centration increasing from ~5 % up to ~40 % in both activated samples,
see Table S1. This level of increase in the graphitic carbon peak is
indicative of the exposure of significant amounts of nanocarbon that was
previously embedded below the polymer. When compared to the pre-
vious report of rPETg which only utilised electrochemical activation, an
increase of only 4 % was seen in the graphitic carbon peak, indicating
this methodology is a vast improvement. It is inferred that only elec-
trochemical activation that was used in previous reports [42] only cre-
ates minor perforations on the surface of the electrode. In contrast the
very abrasive nature of mechanical polishing significantly removes
surface polymer, leaving the remaining polymer much more susceptible
to attack.

To further confirm the presence of increased amounts of the nano-
carbon on the surface of the additive manufactured electrode after
activation, Raman analysis was performed. The as-printed and only
polished spectra are presented in Fig. S4A and B, respectively, with the
polished and electrochemically activated spectra shown in Fig. 3C. In all
cases, the characteristic intense peaks of graphitic-like structures at
1338, 1572, and 2680 cm ! are present and assigned to the p-, G-, and
2D-bands respectively. It can be seen that there is a clear increase in the
G-band intensity for the additive manufactured electrode after both
polishing and electrochemical activation with the Ip/Ig ratio decreasing
from 0.8 to 0.47 (the only polished electrode gave a value of 0.8),
indicating fewer defects and a more ordered structure as more GNPs and
MWCNTs are exposed.

The additive manufactured electrodes were then analysed using
SEM, where the images are presented in Fig. 3D-F. In all cases the
different carbon morphologies can be seen, with the CB presenting as
spherical clumps, the MWCNT being long thin structures, and the GNPs
being expansive flakes, consistent with the SEM images obtained for the
powders in Fig. S1. On the as printed electrode, Fig. 3D, there is a clear
covering of polymer on the surface and in between the nanocarbons, and
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even though their morphologies are visible, the XPS results above
indicate a covering of at least a few nm of polymer. In the case of the
polished electrode, Fig. 3E, there is clearly alignment of the nanocarbons
caused through the mechanical polishing, which is most clear when
considering the MWCNT which are now aligned horizontally, whereas in
the as-printed sample, they have a random orientation. Interestingly, for
the polished and electrochemically activated sample, Fig. 3F, there is the
appearance of obvious voids in between the nanocarbon structures
which are not seen in the other samples. This indicates that after the
polishing, the additional electrochemical activation removes significant
amounts of polymer exposing more the nanocarbon structures. When
compared to the SEM images in previous work for electrochemically
activated PETg only small and sporadic surface voids were formed,
indicating that the combination of polishing and electrochemical acti-
vation results in the removal of significantly more surface polymer.

3.3. Electrochemical performance of bespoke rPETg electrodes

Initially, this filament was tested through scan rate studies using an
untreated additive manufactured electrode against the near-ideal outer
sphere redox probe [Ru(NH3)e]3™/?* (1 mM, in 0.1 M KCL), Fig. 4A,
which allowed for the best determination of the heterogeneous elec-
trochemical rate constant (ko) and the real electrochemical surface area
(Ao [52].

Through scan rate studies against [Ru(NHzs)g using additive
manufactured electrodes of the same dimensions, but printed from
different materials a direct comparison between the new rPETg in this
work, the previously reported conductive rPETg, and the commercially
available benchmark PLA can be achieved. Fig. 4B exhibits this com-
parison using cyclic voltammograms (100 mV s ') within [Ru
(NH3)613™/2* (1 mM, in 0.1 M KCI), which clearly show an improvement
in terms of the peak reduction current and peak-to-peak separation for

]3+/2+
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Fig. 4. (A) Cyclic voltammograms (100 mV s Yin [Ru(NH3)6]3+/ 2+ (1 mM in 0.1 M KCD) performed with additive manufactured electrodes printed from the rPETg
filament (11 wt% CB, 11 wt% MWCNT, 11 wt% GNPs) from this work (red line), the rPETG filament (25 wt% CB, 2.5 wt% MWCNT, 2.5 wt% GNPs) previously
reported (blue line), and a commonly used commercial conductive PLA filament (black line) as the working electrodes, nichrome coil and a Ag|AgCl (3 M KCl) as
counter and reference electrode, respectively. (B) Scan rate study (5-500 mV s 1 in [Ru(NH3)6]®>" (1 mM in 0.1 M KCI) performed with the rPETg (11 wt% CB, 11 wt
% MWCNT, 11 wt% GNPs) additive manufactured electrode as the working electrode, nichrome coil counter electrode, and Ag|AgCl (3 M KC) reference electrode,

respectively.

the new rPETg filament. This translates into the calculated k° values,
where the new rPETg filament produced a value of 1.03x107% cm 571,
compared to 8.82x10~% cm s! for the previous conductive rPETg and
4.57x10™* cm 57! for the conductive commercial PLA. This highlights
how the conductivity and electrochemical performance of the new
rPETg filament is significantly improved when compared to the old
rPETg filament and the commercial PLA. This filament is compared to
other bespoke filaments reported in the literature within Table S2,
where it can be seen that the filament is giving a good performance
whilst also bringing the benecifical properties of PETg compared to PLA.

Finally, the polished and electrochemically activated electrode was
utilised in a scan rate study with the inner-sphere probe [Fe(CN)g] 31
mM in 0.1 M KCl), where Fig. S5A shows the excellent inter-electrode
reproducibility and Fig. S5B shows the cyclic voltammograms ob-
tained in the scan rate study. Using this activation procedure, we now
turn toward the electroanalytical application for this new rPETg
filament.

3.4. Sterilisation and electroanalytical application

For the realistic uptake of additive manufactured electrochemical
platforms into healthcare settings, the electrodes must be sterilisable
and still give a reliable electrochemical performance. In previous work it
was shown that conductive rPETg was able to be sterilised using an
alcoholic solution and still produce reproducible results. Herein we look
to show its ability to perform after sterilisation through exposure to UV
light on a standard benchtop setting. To achieve this, additive manu-
factured electrodes were printed and then sterilised using a post-printing
UV curing machine, typically utilised for stereolithography prints. To
ensure the successful nature of the sterilisation procedure, triplicates of
these electrodes were incubated within growth media for 18 h. Images of
the solutions after incubation can be seen in Fig. S6, where all of the as-
printed electrodes resulted in a cloudy suspension, indicating significant
bacteria growth. In comparison all of the additive manufactured elec-
trodes that were treated with UV resulted in a clear suspension,
providing evidence of the successful sterilisation of the electrodes. This
sterilisation methodology was used on additive manufactured electrodes
printed from the rPETg, and from the commercially available conductive
PLA as a comparison. Once sterilised these electrodes were used for the
detection of uric acid (100 uM) within a solution of Britton-Robinson
buffer (pH 5.0). Fig. 5A presents the results for rPETg additive manu-
factured electrodes as printed, and after 2 and 4 h of UV treatment, with

Fig. 5B showing the corresponding results for the sterilised commercial
PLA electrodes. It can be seen that the rPETg additive manufactured
electrodes show no deviation in the electroanalytical response toward
uric acid after either sterilisation time. In comparison, the PLA additive
manufactured electrodes show a significant instability in the peak po-
tentials and a clear increase in the peak current after 2 h of UV treatment
and then a slight reduction after 4 h. Although this could indicate an
interesting way to activate PLA additive manufactured electrodes in the
future it raises severe concerns about the reliability of using PLA based
electrodes in this setting.

The rPETg additive manufactured electrodes were then applied to-
ward the electroanalytical detection of uric acid and sodium nitrite
within Britton-Robinson buffer (pH 5.0). For these studies differential
pulse voltammetry (DPV) was utilised for the detection of uric acid and
chronoamperometry was used for the detection of sodium nitrite,
highlighting the flexibility of these additive manufactured electrodes.
Fig. 5C exhibits the DPV results for the determination of uric acid
(30-500 uM), where two linear ranges were observed on the calibration
plot inset. The first between 30 and 100 uM, with an equation I =
0.02969 [Uric Acid] — 5.98563x107, provided a sensitivity of 29.7 pA
prl, a limit of quantification (LOQ) of 0.44 pM, and a limit of detection
(LOD) of 0.13 uM. The second linear range was observed between 100
and 500 pM, with an equation I = 0.00894 [Uric Acid] — 2.02052x10°
exhibited a sensitivity of 8.9 pA pM ! a limit of quantification (LOQ) of
1.46 pM, and a limit of detection (LOD) of 0.43 uM. The LOD are com-
parable to additive manufactured sensors reporting 0.07 pM using
graphite-PLA[53] and 0.02 uM using graphene-PLA [54]. Fig. 5D shows
the chronoamperometric response to the determination of sodium nitrite
(0.1-5 mM), where a single linear response, with an equation I =
0.01994 [sodium nitrite] + 6.87 x 10'6, was observed in the calibration
plot inset with an R? value of 0.9938. This plot was used to calculate the
sensitivity of 19.9 pA mM %, LOQ of 10.6 uM and LOD of 3.16 uM.

One advantage of utilising rPETg seen previously [42] is the minimal
solution ingress and ability to re-use the additive manufactured elec-
trodes with reliable results. This was then tested for the determination of
uric acid through cyclic voltammetry, Fig. 5E, whereby the additive
manufactured electrode was used, washed, re-activated within aqueous
sodium hydroxide, and dried before re-use. This was performed for 20
repeat cycles, with the results in terms of peak current represented in
Fig. 5F. It can be seen that for the first 10 measurements, there is
excellent agreement between the obtained values, after which there is a
reduction in the measured peak current. This indicates the ability to
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Fig. 5. Differential pulse voltammograms of uric acid (100 uM) in 0.1 M Britton-Robinson buffer (pH 5.0) using sterilised additive manufactured electrodes printed
from (A) the rPETg additive manufactured electrode and (B) a commercial PLA additive manufactured electrode, nichrome wire counter electrode and Ag|AgCl
reference electrode. Differential pulse voltammograms conditions: step potential of 5 mV, amplitude of 25 mV, modulation time of 50 s, and interval time of 0.5 s. (C)
Differential pulse voltammograms of uric acid (30 — 500 uM) in 0.1 M Britton-Robinson buffer (pH 5.0) using the rPETg additive manufactured electrode, nichrome
wire counter electrode and Ag|AgCl reference electrode. Performed with a step potential of 5 mV, amplitude of 25 mV, modulation time of 50 s, and interval time of
0.5 s. Calibration plot inset. (D) Chronoamperograms for the detection of sodium nitrite (0.1-5 mM) in 0.1 M Britton-Robinson buffer (pH 5.0) using the rPETg

1

additive manufactured electrode, nichrome wire counter electrode and Ag|AgCl reference electrode. Calibration plot inset. (E) Cyclic voltammograms (50 mV s, n
= 20) of uric acid (0.1 mM) performed using the rPETg additive manufactured electrode, nichrome wire counter electrode and Ag|AgCl reference electrode. (F) Plot
of the evolution of peak current versus the measurement number for the cyclic voltammograms obtained in E.

re-use the rPETg additive manufactured electrode a significant amount
of times before deterioration, which could lead to significant cost sav-
ings. Finally, the sterilised rPETg additive manufactured electrodes were
applied to the detection of these analytes within synthetic urine samples
to highlight their real-world applicability.

The DPV response of the sterilised rPETg additive manufactured
electrodes toward the detection of uric acid within a synthetic urine
sample are presented withing Fig. 6A, with the corresponding calibra-
tion plot shown in Fig. 6B. It can be seen that a response was observed

over similar concentration ranges as within buffered solution, with once
again two linear ranges obtained. The first linear range (30-100 pM)
produced a sensitivity of 25.7 pA prl, which is slightly lower than
observed in solely buffered solution and can be attributed to matrix
effects. Using this, the LOD and LOQ were calculated to be 0.27 uM and
0.92 uM, respectively. The second linear range (100-500 uM), exhibited
a sensitivity of 9.8 yA pM ! a limit of quantification (LOQ) of 0.73 uM,
and a limit of detection (LOD) of 2.42 uM. The chronoamperometric
response to the detection of nitrite (0.1-5 mM) within synthetic urine is
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Fig. 6. (A) Differential pulse voltammograms of uric acid (30-500 uM) in synthetic urine using the rPETg additive manufactured electrode, nichrome wire counter
electrode and Ag|AgCl reference electrode. Performed with a step potential of 5 mV, amplitude of 25 mV, modulation time of 50 s, and interval time of 0.5 s. (B)
Calibration plot corresponding to the detection of uric acid (30-500 uM) in synthetic urine using the rPETg additive manufactured electrode, nichrome wire counter
electrode and Ag|AgCl reference electrode. (C) Chronoamperograms for the detection of sodium nitrite (0.1-5 mM) in synthetic urine using the rPETg additive
manufactured electrode, nichrome wire counter electrode and Ag|AgCl reference electrode. (D) Calibration plot corresponding to the detection of sodium nitrite
(0.1-5 mM) in synthetic urine using the rPETg additive manufactured electrode, nichrome wire counter electrode and Ag|AgCl reference electrode.

then presented in Fig. 6C, with the corresponding linear calibration plot
shown in Fig. 6D. In this case a sensitivity of 52.6 yA mM ~'was observed
with a LOQ of 8.97 uM and a LOD of 2.69 uM. These results clearly show
the applicability of these sterilised rPETg additive manufactured elec-
trodes toward the use as sensing platforms within biological samples.
The ability for electrodes printed from these materials to be sterilised
successfully through two different methodologies without impacting
their electrochemical performance, alongside the added benefit of lower
solution ingress offers great promise for use as healthcare sensors in the
future. In addition, the production of these materials from recycled
plastic sources, and the reproducibility of results obtained over up to 10
measurements could not only introduce significant cost savings but also
help to tackle excessive plastic waste, which are both prevalent issues in
healthcare today.

4. Conclusions

In this work we report the production of an electrically conductive
additive manufacturing filament using 67 wt% recycled PETg, 11 wt%
carbon black, 11 wt% multi-walled carbon nanotubes, and 11 wt%
graphene nanoplatelets. This filament showed improved conductivity
and electrochemical performance against the near-ideal outer sphere
redox probe [Ru(NH3)s]>t/2" when compared to previously reported
conductive rPETg and the commercially available PLA benchmark. To
further improve the electrochemical performance of the conductive
rPETg against inner-sphere probes, the activation of the additive man-
ufactured electrodes post-print was optimised, with the best

performance reached after mechanically polishing the electrode fol-
lowed by electrochemical activation within aqueous sodium hydroxide.

To test the additive manufactured electrodes printed from this
conductive rPETg toward use as healthcare sensors, the electrodes were
first sterilised through the application of UV light, which was shown to
have no effect on the electrochemical performance, unlike for the
commercial conductive PLA filament. The rPETg electrodes were then
applied to the successful detection of uric acid and sodium nitrite within
synthetic urine samples. Using differential pulse voltammetry, uric acid
was determined within synthetic urine with a sensitivity of 25.7 pA
pM™, a LOQ 0.92 yM and, a LOD of 0.27 uM. Utilising chro-
noamperometry, the additive manufactured electrodes then successfully
detected nitrite within synthetic urine with a sensitivity of 52.6 pA
mM~}, LOQ of 8.97 uM and LOD of 2.69 uM. The re-useability of the
electrodes was also tested for the detection of uric acid, showing that the
electrode could be used up to 10 times before a significant decrease in
the results was obtained. This work shows that conductive rPETg has a
prominent place within the development of additive manufactured
electrochemical healthcare sensors due to its high-performance, ability
to be sterilised, ability to be re-used, low solution ingress, and its ability
to tackle rising costs and plastic waste problems within the healthcare
sector.
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