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Recent progress of conductive 3D-printed
electrodes based upon polymers/carbon
nanomaterials using a fused deposition modelling
(FDM) method as emerging electrochemical
sensing devices

Muhamad Huzaifah Omar,? Khairunisak Abdul Razak,*® Mohd Nadhir Ab Wahab®
and Hairul Hisham Hamzah @ *@

3D-printing or additive manufacturing is presently an emerging technology in the fourth industrial
revolution that promises to reshape traditional manufacturing processes. The electrochemistry field can
undoubtedly take advantage of this technology to fabricate electrodes to create a new generation of
electrode sensor devices that could replace conventionally manufactured electrodes; glassy carbon,
screen-printed carbon and carbon composite electrodes. In the electrochemistry research area, studies
to date show that there is a demand for electrically 3D printable conductive polymer/carbon
nanomaterial filaments where these materials can be printed out through an extrusion process based
upon the fused deposition modelling (FDM) method. FDM could be used to manufacture novel
electrochemical 3D printed electrode sensing devices for electrochemical sensor and biosensor
applications. This is due to the FDM method being the most affordable 3D printing technique since
conductive and non-conductive thermoplastic filaments are commercially available. Therefore, in this
minireview, we focus on only the most outstanding studies that have been published since 2018. We
believe this to be a highly-valuable research area to the scientific community, both in academia and
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industry, to enable novel ideas, materials, designs and methods relating to electroanalytical sensing devices

to be generated. This approach has the potential to create a new generation of electrochemical sensing

devices based upon additive manufacturing. This minireview also provides insight into how the research

community could improve the electrochemical performance of 3D-printed electrodes to significantly

increase the sensitivity of the 3D-printed electrodes as electrode sensing devices.

Introduction

Three-dimensional (3D) printing technology in the electro-
chemistry research field is a technological advancement from
additive manufacturing. The researchers have illustrated many
novel electrochemistry applications such as fabricating elec-
trochemical sensor' and electrochemical biosensor? electrodes,
producing energy storage devices,® and building chemical
reactors* and microfluidic devices.® To date, 3D printing tech-
nology has gained popularity among electrochemists to print
3D electrochemical objects. Several advantages compared to
traditional manufacturing methods include it being rapid and
low cost and eco-friendly, and there being various printing
materials that can be used for manufacturing products and that
can be printed in multiple shapes and complex geometries.
There are numerous types of 3D printing processes, including
binder jetting, materials extrusion, materials jetting, powder
bed fusion, sheet lamination, photopolymerisation and
directed energy deposition.*’

The most common 3D product used for fundamental and
applications electrochemistry is a 3D-printed electrode based
upon 3D printable conductive polymers-based carbon nano-
materials. For instance, polymer materials containing carbon
nanomaterials such as graphene, carbon black (CB) and carbon
nanotubes (CNTs) will exist in thermoplastic filament form.
This will be discussed in detail in the next section. Essentially,
to print 3D-printed electrodes using those filament materials,
a fused deposition modelling (FDM) method based on the
extrusion process®’ is used in various 3D-printed electrodes
with different design and geometrical shapes. Using the FDM
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technique, continuous layers will be deposited by the extruded
polymer filament and finally formed the 3D printed electrode
products. This method has been discussed in detail in a mini-
review by Patel and co-workers." In their review, the advan-
tages of using the FDM 3D printing method in the fabrication of
3D-printed electrodes from 3D printable conductive polymer/
nanomaterial filaments for electrochemical sensors were dis-
cussed. However, in this minireview, we will only focus on the
recent progress of the fabricated 3D-printed electrodes using
the composite 3D printable conductive carbon nanomaterials
with polymers for electrochemical sensors and biosensors.

3D printable conductive polymer/
carbon nanomaterial filaments for
fabricating 3D-printed electrodes

Recent studies showed that carbon nanomaterials reinforced
with polymeric filaments as feedstocks for the FDM 3D printing
method are popular among researchers in 3D printing appli-
cations. Graphene, CB, and CNTs are common carbon nano-
materials used as conductive filler materials in past studies.'***
The conductive filaments either can be commercially
purchased, or can be made in house for further investigations.
These materials have obtained high interest among the
researchers because of their outstanding properties in making
3D-printed electrodes. For example, graphene has high thermal
conductivity and low resistivity,"* while CB has higher conduc-
tivity, high surface area and stability."”® Besides, CNTs can
accommodate nucleation sites to bind with the reinforcing
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polymer matrix easily."® Various types of polymer materials such
as polylactic acid (PLA),*® acrylonitrile butadiene styrene (ABS),"”
polyimide (PI)*® and polyurethane' have been reinforced with
these carbon nanomaterials as 3D printable conductive ther-
moplastic filaments.

The standard commercially available 3D printable conduc-
tive thermoplastic filaments used in printing 3D-printed elec-
trodes used are PLA/graphene, PLA/CB, PLA/CNTs, and ABS/CB.
Nevertheless, the primary key aspect that needs consideration
before printing the 3D-printed electrodes using thermoplastic
3D printable conductive nanomaterials is percolating structure
carbon nanomaterial fillers within the polymer matrix. This
factor will influence the flow performance of the printed elec-
trodes, by impeding the current through the non-conductive
polymers. This is called the threshold limit, or percolation
threshold, governing the electrical conductivity of 3D printable
conductive polymers/nanomaterials by their electrical percola-
tion. They require a minimum nanofiller content, where this
scientifically refers to volume fraction to convert insulators
(polymers) into conductive composite nanomaterial filaments.
The minimum volume fraction of carbon nanofillers essentially
depends on several factors such as the shape and size distri-
bution of the carbon nanofillers in the polymer matrix, attrac-
tive interactions between the polymers and carbon nanofillers
in the filament form, and processing methods (dispersion and
agglomeration of carbon nanomaterials into the polymer).*® As
discussed by Banks et al,'® a commercially available PLA/
graphene 3D filament only contains 8% of graphene. This is
considered a very low active nanofillers that could limit the
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electrochemical performance of the printed electrodes as re-
flected by a shallow percolation threshold, giving a poor elec-
trical percolation after the printing process.

One interesting study on the development of 3D printable
thermoplastic filament based-polyimide (TPI) with different
CNT contents to investigate its thermal and electrical properties
was reported by Wu and co-workers.*® Their work studied the
tensile and bending properties of pure TPI 3D printing speci-
mens printed by the nozzles with different diameters that could
replace aerospace metal and structural parts. They varied the
contents of CNTs as 1% wt, 3% wt, 5% wt, 7% wt and 9% wt in
the TPI matrix as illustrated in Fig. 1A. Using an insulation
resistance tester, they found that the conductive resistivity of
the TPI/CNTs filament decreases gradually with the increase of
the filling ratio of CNTs in the TPI resin matrix, as shown in
Fig. 1B. From the conductive resistivity plot, the conductive
percolation threshold for the TPI/CNTs 3D filament was found
to be 3% wt of CNTs.

In a different study by Bank et al.,*® utilising a PLA polymer
as an insulator matrix with varying contents of nanographite
(NG) to make conductive 3D printable NG-PLA filaments with
different fillings of NG, containing 1, 5, 15, 20, 25, 30 and
40% wt were developed and tested towards their printability to
make the 3D-printed electrodes. Then, the physicochemical
electrochemical properties of the developed filaments and 3D-
printed electrodes were evaluated. The study has found that
the loaded NG powder of 20% wt in the PLA exhibits a sufficient
percolation over the measured resistivity (Q cm™ ') as depicted
in Fig. 1C. The authors concluded that PLA/NG filament at
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(A) The developed conductive TPI/CNTSs 3D printable filaments with varying percentages of CNTs; 1% wt, 3% wt, 5% wt, 7% wt and 9% wt.

(B) Conductive resistivity of TPI/CNTs 3D printable filaments; pure Pl and a variety of loaded CNTs; 1% wt, 3% wt, 5% wt, 7% wt and 9% wt. (C)
Conductive resistivity of the developed PLA/NG 3D printable filaments, filled with a variety of loaded NG; 1% wt, 5% wt, 15% wt, 20% wt, 25% wt,
30% wt and 40% wt. (D) FDM 3D printing process to print PLA/NG 3D-printed electrodes, utilised for electrochemical characterisation. This figure
has been reproduced from ref. 16 and 18 with permission from ELSEVIER, copyright 2019 and 2020, respectively.
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20% wt gave a superior conductivity. Thus at 25% of the loaded
PLA/NG could be a threshold limit for their developed 3D fila-
ment as above 25% wt of NG may impede electrical conductivity
of conductive 3D filament by the PLA matrix.

Additionally, the developed 3D filaments are difficult to be
printed out using FDM 3D-printer, because the filaments are
too brittle due to the lack of the PLA contents that decreased the
attractive interaction between the PLA-NG filament. It is inter-
esting to note that the fabricated 3D-printed electrodes in their
study (Fig. 1D) were printed from a filament, comprised of 75%
PLA and 25% NG, and were applied for the simultaneous
detection of lead(n1) and cadmium(u) ions. Therefore, they sug-
gested that the volume fraction obtains the best anisotropic
conductivity of their 3D printed electrodes, comprising 25% of
NG and 75% of PLA. This study has shown a significant
improvement in the volume fraction form of the commercially
available 3D printable polymer/graphene filaments, where the
highest filling of graphene in PLA is only 8%."

Effect of printing orientations,
chemical treatments, and thermal
treatments for electrochemical
enhancement of polymer/carbon
nanomaterial 3D-printed electrodes

Studies to date show that many articles reported on the activa-
tion of the 3D-printed electrodes to enhance the electrodes’
electrochemical performances since the as-printed electrodes
exhibit insufficient electrochemical activity in their native state.
However, recently, Patel et al.>® have printed PLA/CB 3D-printed
electrodes with different layers of thicknesses; 0.1, 0.2, 0.3 and
0.4 mm, and different printing orientations (vertical and hori-
zontal) as shown in Fig. 2. The main interest of their study was
to investigate the effects of different printing layer thickness
and orientation on resistivity, and heterogeneous electron
transfer rate from the PLA/CB 3D-printed electrodes.

The electrochemical behaviours of the 3D printed electrodes
were carried out by using 1 mM of ruthenium hexamine(in)
chloride in 0.1 mM potassium chloride (KCI) and 1 mM sero-
tonin (5-HT) in Krebs' buffer solution (pH 7) for cyclic voltam-
metry (CV) and ferricyanide/ferrocyanide mixture in 1 M KClI for
electrochemical impedance spectroscopy (EIS). From the result
obtained, thinner PLA/CB 3D-printed electrodes that are prin-
ted in vertical orientation have facilitated faster electron
transfer reactions and have lowered charge-transfer resistance
(Ret) compared to thicker PLA/CB 3D-printed electrodes printed
in the horizontal direction. They conclude that the low layer of
thickness printed in the vertical printing orientation gave the
best electrochemical behaviour to PLA/CB 3D-printed elec-
trodes. The authors advocate that printing in a vertical printed
direction gives a lower air voids effect, resulting in lower resis-
tance between filaments during the printing process. The
authors also imply that printing in the vertical orientation
method is more compact, and ordered PLA/CB structures, than
the horizontal printing orientation as the density of CB particles

16560 | RSC Adv, 2021, 1, 16557-16571
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Fig. 2 Different printing orientations of PLA/CB 3D-printed cone
electrodes with different printing thicknesses; 0.1 mm, 0.2 mm,
0.3 mm and 0.4 mm. The PLA/CB 3D-printed electrodes used for
electrochemical characterisation. This figure has been retrieved from
ref. 20 with permission from ELSEVIER, copyright 2020.

is higher than PLA making CB more oriented to the centre,
while PLA pushed to the side. This makes the vertical orienta-
tion printing method that prints in parallel and side to side, has
more advantage than the horizontal orientation printing
method.

As mentioned previously, the 3D-printed electrode surfaces
can be chemically activated to enhance the electrochemical
activity of the 3D-printed electrodes based-polymer/carbon
nanomaterial filaments. To the best of our knowledge,
Pumera and co-workers®* have been the first group that estab-
lished a simple activation approach of the PLA/graphene 3D-
printed electrodes surfaces with solvent and electrochemical
activations. The solvent activation was activated in dime-
thylformamide (DMF). In contrast, the electrochemical activa-
tions were conducted by applying a constant potential at 1.5, 2.0
and 2.5 V vs. Ag/AgCl, using a phosphate buffer solution of pH
7.2, performed at different times from 0 to 250 s via chro-
noamperometric technique. The activated PLA/graphene 3D-
printed electrodes were then investigated in [Fe(CNg) ]
redox probe after the activation steps. The electrochemical
performances of the untreated and treated electrodes were
accessed toward the [Fe(CNg)™*°] ions by comparing the
heterogeneous rate constant electron (k,, cm s '), calculated
using the Nicholson method. Interestingly, they found that the
k, significantly increased from 2.13 x 10" > cm s~ ' (activated in
DMF, 10 min) to 2.43 x 10> ¢cm s~ (activated electrochemi-
cally at 150 s).

Another intriguing report from Pumera et al.?* is using
different solvents to activate the PLA/graphene 3D-printed
electrodes, demonstrating the effect of polar protic and polar
aprotic solvents used to activate electrodes (Fig. 3A) by moni-
toring the k&, and electrochemical double-layer capacitance.
Polar protic solvents consist of deionized water, methanol and
ethanol, whilst polar aprotic solvents consist of acetone and
DMF tested on the PLA/graphene 3D-printed electrodes during
the solvent activation steps. The electrochemical behaviour of
the electrodes was investigated in 1 mM [Fe(CNg)~*~*] solution
in 0.1 M KCl, while the capacitance behaviour was tested in
1.0 M sodium hydroxide (NaOH). From the results obtained, the
solvent-activated PLA/graphene 3D-printed electrodes increased
the electroactive surface area of the electrodes. However, polar
aprotic solvents (DMF and acetone) have had a major effect on

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Chemical solvent treatment for PLA/graphene 3D-printed electrodes in the vials with various solvents before, and after activation

steps. The solvents used were DI water, ethanol, methanol, acetone and DMF. (B) CV responses for the activated PLA/graphene 3D-printed
electrodes, treated in ethanol, methanol, DI water, acetone and DMF, respectively. (C) Galvanostatic charge—discharge responses from PLA/
graphene 3D-printed electrodesin 1.0 M NaOH, activated in different solvents at a constant current of 0.4 mA cm~2. This figure been reproduced

from ref. 22 with permission from ELSEVIER, copyright 2019.

the activated PLA/graphene 3D-printed electrodes and showed
higher currents in CV peaks for [Fe(CNg) ¥ ] when compared
to the polar protic solvents, as shown in Fig. 3B. However, they
concluded that the obtained %, via acetone activation is higher
than that of the k,, activated in DMF since the activation of 3D-
printed electrodes in acetone made the electrode surface
rougher, than the inactivated 3D-printed electrodes in DMF.

Meanwhile, all the electrodes showed pseudo-capacitor
behaviour in the capacitance. The areal capacitance produced
by the solvent-activated PLA/graphene 3D-printed electrodes
were higher than the unactivated 3D-printed electrodes.
However, polar aprotic solvents-activated electrodes have
superior areal capacitance, compared to polar protic solvents-
activated electrodes, as shown by galvanostatic charge-
discharge responses in Fig. 3C. Overall, the activated PLA/
graphene 3D-printed electrode in DMF provides the best
supercapacitor performance compared to other solvents.
Nevertheless, the authors have recommended using acetone
rather than DMF as an activation, as it is less dangerous, and
still gives an excellent activation solvent to be used in the pre-
treatment of 3D-printed electrodes.

A different approach, reported by Vanéckova et al.?® dis-
cussed PLA/CB 3D-printed electrodes’ electrochemical behav-
iours. The PLA/CB 3D-printed electrodes fabricated by the FDM
method and a controlled electrode made from the cut filament
were also prepared. Then, the faradaic peak currents, generated
from the CVs were compared with theoretical values in order to
investigate the relative effective surface area of electrodes.
Nevertheless, before the 3D-printed electrode used, the elec-
trodes were activated using a 0.3 M sodium sulphate (Na,SO,) as
an anode terminal, whereas a thin gold electrode was a cathode
terminal in a U-cell. Then, a constant voltage was applied with
the range 0-25 V between the two electrodes, where time was set
from 0 to 60 s to monitor the electric current. After the elec-
trochemical treatment, the electrode’s electrochemical behav-
iours were studied in 5 x 10~* M ruthenium(m) acetylacetonate
(Ru(acac);) in 0.3 M Na,SO, using the CV technique. Both
electrodes showed a faradaic response parallel to platinum (Pt)

© 2021 The Author(s). Published by the Royal Society of Chemistry

and GC electrodes. The anodic and cathodic potential peak
separation (AEp) values for both electrodes obtained was
between 80 to 85 mV. These values are higher than the theo-
retical value of AE,, which is 57 mV for reversible transfer of one
electron reaction. This indicates that the electrode kinetics for
the 3D-printed and cut filament electrodes is lower than ex-
pected. However, according to the authors, the AEp, values ob-
tained are higher than the literature values based on past
research using PLA composites which range between 100 to
410 mV. The authors also showed that the 3D-printed and cut
filament electrodes have a similar electroactive surface area
which means that the electroactive area sites are not altered by
the FDM printing method. Thus, the authors suggest that the
electron transfer characteristics of the PLA/CB 3D-printed
electrode are similar, and comparable to the conventional
metallic and carbon electrodes.

Bonacin et al.** reported an interesting report where they
investigated different approaches in treating the PLA/graphene
nanoribbon 3D-printed electrodes before the use of the 3D-
printed electrodes in dopamine detection. The techniques
involved electrochemical activation, mechanical polishing
using alumina suspension and chemical solvents. The authors
treated the 3D-printed electrodes using chronoamperometric
technique in the electrochemical activation by applying
a constant potential at +1.8 V vs. SCE for 900 s in a phosphate
buffer solution, pH 7.4. They then used CV, scanned from 0 V to
—1.8 V vs. SCE at a scan rate of 50 mV s~ . In contrast, for
mechanical polishing, the 3D-printed electrodes were polished
with 0.3 uM alumina suspension in a polishing pad, polished in
a figure-8 pattern. The polishing durations were varied in 1,0,
3,0, 5,0 and 10 min.

Meanwhile, for chemical solvent activations, four different
solvents were employed; DMF, 1 M NaOH, 7.9 mM HNO; and
0.5 M H,SO, in different immersion periods of 30, 60 and
180 min. Their study aimed to exfoliate and reduce graphene
sheets at the 3D-printed electrode surfaces. This has led to an
increase in edges and defects. Subsequently, this elevates elec-
troactive site exposure for redox reactions of ruthenium

RSC Adv, 2021, 11, 16557-16571 | 16561
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hexamine. Additionally, these made the approaches improve
their 3D-printed electrode in sensing dopamine.

Recently, to avoid lengthy electrochemical pre-treatments
and harsh chemical treatments, Pumera and co-workers®
have reported a new approach by a simple physical method
based upon thermal annealing of the PLA/graphene 3D-printed
electrodes. Essentially, thermal annealing is a physical process
that could control surface roughness in materials where the
procedure will modify the surface morphology of material with
temperature and time. Commonly, it is performed in a vacuum
chamber in an inert ambient such as nitrogen or argon with
a specific temperature.”® In Pumera and co-workers' approach,
thermal annealing for PLA/graphene 3D-printed electrodes was
conducted at a temperature over 350 °C with a heating rate of
5°C min "' at a pressure of 200 Pa and N, gas (6 N) in which the
temperature was kept constant for 3 h during the treatment.
Then, the electrodes were electrochemically analysed using CV
and EIS, respectively. The data obtained from the thermally
annealed electrodes were compared with the 3D-printed elec-
trode, activated with DMF solvent. Interestingly, the electrode
showed significant enhancement after the thermal annealing
gave a significant enhancement in the terms of electrochemical
behaviours in which a smaller AE, and faster k, value with
a magnitude of 10™* ¢cm s~ compared to the activated 3D-
printed electrode in DMF, which only gave k, value with
a magnitude of 10”% ecm s™". From the electrode kinetic data,
this study shows that the thermally annealed 3D-printed elec-
trode greatly increased the k, value by a 9655-fold in compar-
ison to the treated electrode in DMF solution.

This section only discusses the prominent studies that the
research community has reported on how the electrochemist
could treat the 3D-printed electrode surfaces to significantly
improve the performance of the 3D-printed electrodes, fabri-
cated from 3D printable conductive polymer/carbon nano-
material filaments. Nevertheless, many works have been
published to date as summarised in Table 1.

Polymer/carbon nanomaterial 3D-
printed electrodes for electrochemical
sensors

Fabrication of polymer/carbon nanomaterial 3D printed elec-
trodes for electrochemical sensor applications have also been
significantly studied in previous years. The developed electro-
chemical sensors have been studied as electrochemical sensing
devices in many analytes of interests, including in detecting
metals ions,*** picric and ascorbic acids,* uric acid,** and
mycotoxin compound.*® Based on our literature search, at
present, as discussed in the previous section before the 3D-
printed carbon nanomaterial electrodes were utilised as elec-
trochemical sensor devices, the electrochemical activities of the
polymer/carbon nanomaterial 3D-printed electrodes were elec-
trochemically optimised either with the printing orientations or
pre-treating the 3D-printed electrode surfaces with chemical
substances.

RSC Adv, 2021, 11, 1655716571 | 16563
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Patel et al.*” show for the first time the PLA/CB 3D-printed
electrode in a cone geometry, printed in horizontal orienta-
tion has been utilised in ex vivo experiment over gut tissue of
guinea pig to simultaneously monitor the serotonin overflow
and muscle contraction as displayed in Fig. 4A and B. Serotonin
(5-HT) is one of the neurotransmitter molecules that plays an
essential role to modulate the motility of the gastrointestinal
tissue. In their work, before they applied the PLA/CB 3D-printed
electrodes on the gut tissue samples, the electrodes were tested
first on the different concentrations of 5HT in Kreb's buffer
solution using chronoamperometric measurements, as shown
in Fig. 4C. The fabricated electrode shows that the 3D-printed
electrode gave a linear range between 1-10 puM. Interestingly,
this range of concentration corresponds with the physiological
concentrations of the 5-HT present in the gastrointestinal tissue
for 15 min without significant electrode fouling as shown in
Fig. 4D and offered a limit of the detection as low as 540 nM.
Overall, their work is the first to show that the PLA/CB 3D-
printed electrode device can conduct dual measurement of
signalling, and contractility. This offers significant scope for
clinical application, in particular, to monitor bowel function
that could be a direct function of therapeutic management of
patients with bowel disorders.*® The most exciting thing about
their work is that the 3D-printed electrode was not undergoing
any pre-treatment before the electrochemical measurements.

<
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o
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Fig. 4
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A different conductive thermoplastic carbon nanomaterial,
Katic and co-workers,* have developed PLA/graphene 3D-
printed electrodes, using the FDM method to create chemi-
cally modified 3D-printed electrode for the detection of H,O,.
The electrodes have also been activated by using a similar
approach based on their previous study.* The authors reported
that these activated 3D-printed electrodes have had the same
electrochemical behaviour as regularly used electrodes, such as
gold and GC electrodes. Furthermore, the PLA/graphene 3D-
printed electrodes have been modified with Prussian blue (PB)
by using the chronoamperometric technique through the elec-
trodeposition method and evaluated for the detection of the
H,0,. Then, PB/PLA/graphene modified 3D-printed electrodes
have been compared to the unmodified PLA/graphene 3D-
printed electrode for the sensing of H,0,. The results showed
that only PB modified PLA/graphene 3D-printed electrode could
detect H,0, as there were oxidation and reduction peaks shown
in the CV. Meanwhile, there were no peaks shown for the
unmodified PLA/graphene 3D-printed electrode. The electro-
chemical response of the PB modified PLA/graphene 3D-printed
electrodes for sensing H,0, has been studied using the
amperometric technique with a concentration of H,O, from 2.0
uM to 112.0 uM and LOD obtained for the PB modified elec-
trode was 0.44 puM.

2.0
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—_ — after
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T 10
s .
=
O 0.5

0.0 1 1 1 1 I

0.0 02 04 06 08 1.0 1.2
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(A and B) Fabricated a cone PLA/CB 3D-printed electrode that mimics faecal pellets to suit guinea pig's anorectal tissue for ex vivo

experiment. (C) Chronoamperogram for an experimental response of the addition 5-HT in a Krebs buffer solution with different concentrations
of the 5-HT (1-10 uM), held at a constant potential of +0.6 V vs. Ag/AgCL. (D) Differential pulse voltammograms (DPVs) of 5 uM 5-HT in a Krebs
buffer solution (pH 7.4) before and after ex vivo tissue measurement to investigate the electrode’s fouling surface. This figure has been
reproduced from ref. 37 with permission from AMERICAN CHEMICAL SOCIETY, copyright 2019.
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Meanwhile, Pumera et al.*® have printed PLA/graphene 3D-
printed electrode to detect a mycotoxin of zearalenone (ZEA)
compound. Like in their previous work,* the authors treated
the PLA/graphene 3D-printed electrodes before using them as
electrodesensors. The authors have tested the ability of PLA/
graphene 3D-printed electrodes to detect ZEA. The printed
electrodes showed a very well-defined anodic peak in CV anal-
ysis compared to GC and edge-plane pyrolytic graphite (EPPG)
in which the GC and EPPG produced lower signals in the same
analysis as illustrated in Fig. 5A and B. This showcased that the
PLA/graphene 3D-printed electrodes can detect ZEA. The PLA/
graphene 3D-printed electrodes have shown the capability to
detect ZEA at a broad range of concentrations from 10 to 300 uM
with a linear correlation value of 0.995, nearly to the ideal value
of 1. The 3D printed electrodes also gave the LOD of 0.340 uM
and limit of quantification (LOQ) of 1.13 uM when compared to
the GC electrode, which had an LOD of 0.0683 pM and LOQ of
0.228 pM. This dictates that the PLA/graphene 3D-printed
electrodes had a better capability for ZEA detection.

In contrast to other literature discussed in this section,
Rocha et al.* utilised PLA/CB filament to fabricate 3D-printed

A
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electrode to detect metal ions in biological specimens.
Routinely, activation or pre-treatment steps are needed to
obtain more conductive sites of a 3D printed electrode. Thus,
the authors have activated the PLA/CB 3D-printed electrode in
0.5 M NaOH. The authors also reported that the surface porosity
of the PLA/CB 3D printed electrode increased, through scanning
electron microscopy (SEM) analysis after the activation steps,
indicating growing CB nanoparticles at the electrode's surface.
The activated PLA/CB 3D-printed electrode also had better
electrochemical behaviour (higher electroactive surface area
and faster electron transfer reactions) than the unactivated PLA/
CB 3D-printed electrode. The sensitivity of activated PLA/CB 3D-
printed electrode towards metals ions (cadmium ion (Cd**) and
lead ion, (Pb*")) also increased enormously compared to the
unactivated PLA/CB 3D-printed electrode. For the metal sensing
application, the activated PLA/CB 3D-printed electrodes have
been reported to have a wide linear range of 30 ug L™ " to 270 ug
L~ " for both Cd*" and Pb>" ions, given the LOD of 2.9 ug L™ " and
2.6 ug L™', and LOQ of 8.9 pg L™ and 7.9 pg L™ ", respectively.
Furthermore, these activated PLA/CB 3D-printed electrodes
have been tested in biological samples (urine and saliva). From
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Fig. 5

(A) Pre-activation of the PLA/graphene 3D-printed electrode based upon chemical solvent and electrochemical treatments. (B) CV

responses for detecting 100 uM zearalenone (ZEA), a mycotoxin compound in a 0.01 M PB solution (pH 7.2) using the treated PLA/graphene 3D-
printed electrode, GC electrode and EPPG electrode at a scan rate of 100 mV s~ This figure has been reproduced from ref. 36 with permission

from ELSEVIER, copyright 2020.
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Electrochemical
E. activation

Fig. 6 Schematic diagram for (A) PLA/graphene 3D-printed electrode. (B) Treatment of the 3D-printed electrode in DMF solution for 10 min and
also by electrochemical activation. (C) Immobilisation of HRP enzyme onto PLA/graphene 3D-printed electrode by using a physical adsorption
method to obtain the HRP modified PLA/graphene 3D-printed electrode. (D) Modification of the PLA/graphene 3D-printed electrode with AuNps
and immobilisation of HRP at AuNPs modified PLA/graphene 3D-printed electrode to obtain HRP/AuNPs modified PLA/graphene 3D-printed
electrode. (E and F) Are the proposed mechanisms for detecting H,O, at HRP modified PLA/graphene 3D-printed and HRP/AuNPs modified PLA/
graphene 3D-printed electrodes. This figure has been retrieved from ref. 30 with permission from ELSEVIER, copyright 2020.

the result obtained, the 3D-printed electrodes have shown good
accuracy with an acceptable recovery value of 93% to 108% and
96% to 112% for Cd>" and Pb>’, respectively. Besides, the
authors also carried out an interference study and reported that
the activated 3D-printed electrodes are also able to detect other
metal ions such as copper(n) ion (Cu®**) and mercuric ion (Hg>").

Polymer/carbon nanomaterial 3D-
printed electrodes for electrochemical
biosensors

Apart from electrochemical sensor applications, currently, there
is an increasing trend on how polymers/carbon nanomaterial
3D-printed electrodes could be used to construct electro-
chemical biosensing electrode substrates. Practically, biomole-
cules; enzymes, nucleic acids (DNA) and antibodies are
immobilised at the electrode substrates as a biosensor probe
before using it to sense the specifically targeted analytes. The
immobilised biomolecules at the electrode surfaces could be

16566 | RSC Adv, 2021, 1, 16557-16571

achieved either using physical adsorption, self-assembly
monolayer, polymer coating or covalent immobilisation
methods.** The targeted analytes could be cancer biomarkers,*
viruses,*” cardiac biomarkers,*** glucose,* hydrogen peroxide
(H,0,),*® foodborne pathogens* and heavy metal ions.”* The
common electrode substrates used to construct the immobi-
lised biomolecule probes are GC electrode,* gold electrode,**>*
screen-printed carbon electrode (SPCE)*** and indium tin
oxide (ITO) electrode.*** To the best of our knowledge, only
a few articles have been initiated in reporting the accessibility of
the conductive thermoplastic carbon nanomaterial 3D-printed
electrodes as electrode platforms for electrochemical biosens-
ing purposes.

A fascinating study has been designed by Pumera et al.*®
where the PLA/graphene 3D-printed electrodes were used to
immobilise horseradish peroxidase (HRP) enzyme to construct
enzymatic biosensors based on a direct electron transfer
enzyme in sensing H,0,. Two types of electrodes were then
prepared, one with gold nanoparticles (AuNPs) modified PLA/
graphene 3D-printed electrode (AuNPs/PLA/graphene) and one

© 2021 The Author(s). Published by the Royal Society of Chemistry
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without the modification of AuNPs (PLA/graphene). The HRP
enzyme was then immobilised at the surface of both 3D
graphene/PLA/AuNPs and 3D graphene/PLA based on physical
adsorption (by drop-casting method), incubated overnight at
7 °C, producing 3D-printed electrode biosensors as depicted in
Fig. 6. The 3D-printed electrode biosensors were then used to
detect H,0,, which involved the mechanism of the HRP enzyme
electron transfer reaction. The authors have concluded that the
mechanism of electron transfer between the HRP and H,0O, was
based upon direct electron transfer from the HRP enzyme
without mediators or binder polymers. It is a fact that the H,O,
can be detected when it undergoes a reduction process. This
will make the HRP contain a redox iron centre to be oxidised
from Fe(m) to Fe(wv) state. The Fe(v) will then be reduced to its
original condition, Fe(m), by applying a negative potential that
is almost zero value. The authors also reported that without the
HRP enzyme, the PLA/graphene 3D-printed electrodes, with or
without AuNPs could not electrocatalyst the H,O,, resulting in
no detection of H,0,. Furthermore, the AuNPs/HRP modified
3D-printed electrode showed slightly better electrocatalytic
performance than HRP/modified 3D-printed electrode. The
chronoamperometric technique was utilised for the detection of
H,0, in PBS buffer (pH 7.2) and human plasma. From the result
obtained in the chronoamperometric analyses, HRP modified
PLA/graphene 3D-printed electrode had an LOD of 11.1 uM and
LOQ of 37.0 uM with the linearity of 0.994. Meanwhile, AuNPs/
HRP changed the 3D-printed electrode with slightly lower LOD
and LOQ (9.1 uM and 30.4 uM), respectively, with the linearity of
0.996.

In a different study, Mufioz and colleagues® have also
studied the PLA/graphene 3D-printed electrodes for glucose
biosensing applications, achieved through the mediation of
electron transfer by ferrocene-carboxylic acid (FCA) in devel-
oping an amperometric biosensor. Initially, the 3D printed
electrodes have been activated in DMF for 10 minutes. After-
wards, a drop-casting method was carried out on the PLA/
graphene 3D-printed electrodes to fabricate glucose biosensor.
The used enzyme probe was glucose oxidase (GOx), immobi-
lised at the surface of the PLA/graphene 3D-printed electrodes
based upon physical adsorption. This approach is similar to
Pumera and co-workers.** Then the glutaraldehyde solution was
dropped on top of the immobilised GOx layer as a crosslinking
polymer matrix to make the immobilised GOx enzyme more
stable to entrap at the electrode surface. The PLA/graphene 3D-
printed electrode played as a transducer in this glucose
biosensor. Additionally, the FCA, which contained a redox iron
centre, has been used as a mediator in this glucose biosensor.
They proposed that the electrochemical response follows
a second-generation glucose biosensor, as illustrated in Fig. 7.

Based on Fig. 7, they suggested that the glucose biosensor
detection system follows a second-generation glucose biosensor
where the two steps of reactions occurred. In the first step,
flavin adenine dinucleotide (FAD) (active centre of the enzyme)
acts as an electron mediator for glucose oxidation to glucono-
lactone, and reduces to flavin adenine dinucleotide (FADH,).
Thus, the FAD is converted to FADH,, subsequently catalysing
glucose oxidation reaction. Then, in the second step, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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PLA/Graphene 3D-printed electrode

Fig.7 Proposed detection system for immobilised GOx enzyme at the
PLA/graphene 3D-printed electrode for glucose detection, mediated
by FCA. This figure has been adapted from ref. 55 with permission from
ELSEVIER, copyright 2020.

reduced species of the FADH, is returned to the FAD species,
and the electron involved in this oxidation reaction is trans-
ferred to FCA, in which the electrode produced during the
oxidation process will reduce Fe(m) to Fe(u). The authors have
also optimised the parameters in the fabrication of this glucose
biosensor, such as pH value (pH 7) and the enzyme concen-
trations (6 units per electrode). After the optimisation steps, the
fabricated biosensor is tested using the chronoamperometric
technique in glucose with a variety concentration from 0 to
6.3 mmol L' at a constant potential of +0.4 V. From the result
obtained, the biosensor showed linear behaviour with an LOD
of 15 pmol L™ and R* value of 0.998. The PLA/graphene 3D-
printed biosensor has also been tested in human plasma for
glucose detection. The developed 3D-printed electrode
biosensor has shown a satisfactory recovery value of 94 to 104%
and was reported stable even after being used in 15
measurements.

Another interesting study of the 3D-printed electrode as an
electrochemical biosensor probe was presented by Janegitz
et al.>® to detect catechol through the immobilised tyrosinase
enzyme at the 3D-printed electrode surface, as displayed in
Fig. 8. In their work, PLA/reduced graphene oxide (RGO) 3D-
printed electrodes were fabricated. Before using them as
a biosensor probe, the 3D-printed electrodes were activated with
solvent treatments. Then the tyrosinase enzyme was immobi-
lised at the electrode surface through the physical absorption
method using the drop-casting technique. To obtain stabilised

RSC Adv, 2021, 11, 16557-16571 | 16567
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Fig.8 The schematic diagram for steps to prepare immobilised tyrosinase enzyme, coated with the DHP film to detect catechol. (A) The mixture
of tyrosinase enzyme and DHP solution. (B) Drop-casting method of tyrosinase/DHP solution onto PLA/RGO 3D-printed electrode surface. (C)
The immobilised tyrosinase/DHP film was obtained. (D) SWV response for detection of catechol after exposure to immobilised tyrosinase probe.
This figure has been adapted from ref. 56 with permission from ELSEVIER, copyright 2020.

immobilised enzyme at the electrode surface, before coating the
enzyme, the authors prepared the tyrosinase enzyme solution
(25 units in 10 pL) in hexadecyl phosphate (DHP) solution to
maintain the immobilised tyrosinase enzyme at the electrode
surface within DHP film as depicted in Fig. 8. The square wave
voltammetric (SWV) responses for detection catechol were
evaluated to obtain a calibration plot in the range of 30-700
umol L™, giving an LOD detection at 0.26 pmol L™ with R* is
0.999.

Bergamini and colleagues® reported a very different study on
the application of the 3D-printed electrodes for the biosensing
platform on the development of an immunobiosensor for the
detection of Hantavirus Araucaria nucleoprotein (Np). The best
thing about their developed method is they employed a covalent
immobilisation method to attach IgG2B antibody (HAb) onto
the 3D printed PLA/carbon black electrodes using N-(3-dime-
thylaminopropyl)-N'-ethylcarbodiimidehydrochloride =~ (EDC)
and N-hydroxysulfosuccinimide sodium salt (NHS) as catalyst
reagents. This approach will provide a stable and robust
immobilisation of biomolecules at the electrode surface
compared to the physical adsorption method. After preparing
the immunobiosensor probes, the electrodes were charac-
terised using CV and EIS in a K;[Fe(CN),] redox probe solution,
as illustrated in Fig. 9. The detection system was analysed by
comparing the values of R, or CV peak currents before and after
sensing the immunobiosensor probes to Np virus with
a concentration range between 30-240 ug mL ™", in which the
calibration plot gave an LOD value of 22 pug mL. Interestingly,
the developed immunobiosensor was able to detect Np virus
0.120 mg mL~ " in spiked human serum samples (100 x diluted).

16568 | RSC Adv, 2021, 1, 16557-16571

Future outlook

We have discussed polymer/carbon nanomaterial 3D-printed
electrodes for electrochemical sensors and electrochemical
biosensors based on recent and past studies using the FDM 3D
printing method. These 3D printed carbon nanomaterials can
be fabricated easily, inexpensive, and straightforwardly to be
incorporated with other chemicals for broad electroanalytical
applications. Additionally, many published studies have shown
that after the electrode treatments, these polymer/carbon
nanomaterial 3D-printed electrodes have revealed promising
properties such as high anisotropic conductivity, more electro-
active sites produced, low resistivity, and high sensitivity in
electrochemical sensors and biosensors development. As dis-
cussed earlier, the activation steps, whether chemically, elec-
trochemically or thermally, could be employed to increase the
electrochemical performance of the 3D-printed electrodes. Thus
increasing electrode roughness, and anisotropic conductivity of
the treated electrode, resulting in a significant increase in the
sensitivity of the 3D printed electrodes. The 3D-printed carbon
nanomaterial electrodes are commonly activated in aprotic
solvents such as DMF from our literature survey. However, the
DMF is a toxic and not eco-friendly chemical. To date, the uti-
lisation of 0.5 M, 1 M,* or 3 M NaOH"® solution as a pre-
treatment 3D-printed electrode can also give a similar advan-
tage as DMF. However, there are still some potential approaches
that could be attempted to improve the electrochemical
performance of the 3D printed electrodes in the future. One of
the methods is by electrochemically treating the 3D-printed
carbon nanomaterial electrode in acetonitrile (ACN) with
0.1 M tetrabutylammonium tetrafluoroborate (TBATFB) using

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Steps for creating immunobiosensor for covalent immobilisation of 1IgG2B antibody (HAb) onto PLA/carbon black 3D-printed electrode
surface to detect Np virus in the human plasma sample. This figure has been adapted from ref. 57 with permission from ELSEVIER, copyright 2021.

CV, cycled the potential between 0-2.0 V.> This will make the
electrode surface rougher, thus, providing more electroactive
sites available for redox reactions. In contrast, an enzyme
solution could also be used to activate the 3D-printed carbon
nanomaterial electrodes.®® However, using an enzyme will
increase the experiment's cost as the enzyme molecule is very
expensive and unstable.

The commonly used conductive thermoplastic carbon
nanomaterial filaments are graphene and CB, where both of
these filaments are commercially available. However, it would
be advantageous if the conductive thermoplastic filaments are
made in house by incorporating metal hydroxide, or metal oxide
materials to produce conductive thermoplastic nanocomposite
filaments. For metal hydroxide, it has been reported that the
addition of nickel(n) hydroxide (NiOH,) microparticles within
a PLA/graphene matrix can produce a non-enzymatic 3D-
printed electrode for creating a glucose sensor, in which
NiOH, can act as an electrocatalyst for glucose.®"** By contrast,
ought to be interesting if conductive thermoplastic nano-
composite filaments are developed to be utilised in fabricating
3D-printed electrodes for photoelectrochemical sensors,*** or
biosensors®®” without modification of the electrode surfaces.
This can be achieved by integrating tungsten trioxide (WO;),*
or titanium dioxide (TiO,)* particles within polymer/carbon
nanomaterial matrixes. This approach would be a very novel
idea for developing photoelectrochemical sensors, or biosen-
sors through 3D-printed electrodesensors.

The 3D-printed carbon nanomaterial electrodes’ surface can
also be modified easily through electrodeposition and chemical
deposition methods. These approaches are highly recom-
mended, mainly via the electrodeposition method as through
the electrodeposition, the metal and metal oxide nanoparticle
films such as electrodeposited gold (Au), platinum (Pt), silver
(Ag), palladium (Pd), copper (Cu) and zinc oxide (ZnO) nano-
particles could be obtained, and the electrodeposited metal and
metal oxide nanoparticle films could be employed broadly to

© 2021 The Author(s). Published by the Royal Society of Chemistry

improve the electrochemical performances of the sensor, and
biosensor electrode devices. In a different application, the 3D-
printed electrodes can be made as pseudo-reference and
counter electrodes,*-*® or only as a pseudo-reference electrode”
for a three-electrode system set up. Attractively, in the case of
the pseudo-reference electrode, it can be generated through
electrodeposited, or coated Ag at the 3D-printed electrode
surfaces. To date, it has been shown that the developed pseudo-
reference electrodes based on 3D-printed electrodes exhibit
a similar performance to a commercial Ag/AgCl reference elec-
trode.*>” On the contrary, the 3D-printed electrodes can also be
utilised as an auxiliary electrode. Thus, this will replace the use
of a conventional Pt electrode, and consequently, reducing the
analysis cost. To the best of our knowledge, both types of elec-
trodes were fabricated from conductive PLA/graphene fila-
ment,**”° or PLA/CB filament.** Hence, it would be of interest if
a variety of thermoplastic carbon nanomaterials such as CNTs,
or carbon fibers is used to generate the pseudo-reference and
counter electrodes. Then, their electrochemical performance
can be evaluated and can also be compared to the previous
studies.’"**7°

From the discussion, the current progress of the applications
of the conductive polymer/carbon nanomaterial 3D-printed
electrodes, produced from the FDM 3D printing method has
a big potential to be employed as electrode substrates to
immobilise biomolecules (enzymes and antibodies) in devel-
oping electrode biosensing devices via physical adsorption,
entrapment with a polymer matrix or solid-phase synthesis with
the presence of the catalyst reagents; EDC and NHS. Most of the
published works so far only reported as proof-of-concept on the
potentials of the 3D-printed electrodes for electrochemical
biosensors. Therefore, in the future, some novel concepts,
designs and approaches could be developed by the research
community to attain robust immobilised biomolecule films at
the electrode surface, high selectivity, and high sensitivity of the
3D printed electrodes for electrochemical biosensing purposes.
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For instance, the electrodeposited AuNPs at the 3D-printed
carbon nanomaterial electrode could be utilised as a substrate
in anchoring various thiol linkers with different lengths and
organic functional groups as the specific functional group could
be used to covalently bind the enzyme, single-stranded DNA
(ssDNA), or antibody molecules. This can be achieved by uti-
lising a self-assembly monolayer method. The 3D-printed
carbon nanomaterial electrodes could also be used as elec-
trode substrates for electrografting of primary amine linkers.
These linkers play an essential role in obtaining stable mono-
layer electrografted primary amine linkers®”' that could be
used to covalently attach redox probes, enzyme molecules or
ssDNA molecules at the electrode surfaces. These modifications
are very useful, especially for biosensors applications. The
modification of the electrode surfaces is urgently needed for the
improvement of the 3D-printed electrode to improve the
stability, and selectivity of the biosensor probes in the detection
process. The modified 3D-printed electrode could then be
applied for the development of biosensors, biofuel cells, and
electrocatalysts.

On the other hand, the electrodeposited Au, Pt, Pd, Ag, and
Cu nanoparticles at 3D-printed carbon nanomaterial electrodes
could be utilised as electrocatalyst platforms to study oxygen
reduction reaction (ORR), oxygen evolution reaction, hydrogen
evolution reaction and carbon dioxide reduction reaction. This
gives a significant potential to develop electrochemical sensors
to detect dissolved O, and CO, molecules in an aqueous solu-
tion. In conclusion, thermoplastic 3D printable conductive
carbon nanomaterial electrodes have a promising future in
electrochemistry and analytical chemistry research. Consid-
ering the current on-demand applications of the conductive 3D-
printed electrodes in developing electrochemical sensors and
biosensors, further studies ought to be carried out with
different thermoplastic carbon nanomaterial filaments used in
the FDM 3D printing process (e.g., carbon fibers’). More opti-
mization processes over individually adjustable FDM 3D
printing parameters such as infill percentage, printing speed
and temperature, and surface inclination angle can be explored
to obtain the best 3D-printed electrode products in the selected
electrochemistry applications by exploring their electro-
chemical performance.
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