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Abstract

With the impending Industrial Revolution 4.0, the information produced by sensors will be
central in many applications. This includes the Healthcare sector, where affordable healthcare
and precision medicine are highly sought-after. Electrochemical sensors have the potential to
produce affordable, high sensitivity and specificity, intuitive, and rapid point-of-care
diagnostics. Underpinning these achievements are the choice of material and the fabrication
thereof. In this review, the different types of materials used in electrochemical biosensors are
reported, with a focus on synthetic conductive materials. The review demonstrates that there is
an abundance of materials to select from, and compositing different types of materials further
widens their applicability in biosensors. In addition, the fabrication of such materials using the
state-of-the-art of fabrication technology, Additive Manufacturing (AM), are also detailed. The
need for compositing is evident in AM, as the feedstock for certain AM technologies are

inherently non-conductive. Both material choice and fabrication technologies limitations are

1


mailto:a.basit@ucl.ac.uk

also discussed to highlight opportunities for growth. The review highlights how recent
technological advancements have the potential to drive the healthcare industry towards

achieving its primary goals.

Keywords: Biosensors; Electrochemical Sensors; 3D Printing; Electrode Design; Point-of-

care.

1 Introduction

The role of sensors in driving forward our civilization is immeasurable, where modern
civilization has seen an explosion in the ubiquity and necessity of sensors across many aspects
of life. Sensors are used in farming, manufacturing, aerospace, computer science, marine and
healthcare sectors.l* 61 Sensors can be thought of as artificial extensions of human’s natural
sensors, which are the visual, olfactory, auditory, touch, and taste sensors. Despite these senses
being critical to human survival, they are limited in their detection capacity. For example, in
the healthcare industry, sensors have made it feasible to detect pathogens, biological activities
and provide feedback on treatments, such as implants, that would otherwise not have been
possible without their interjection.>”#l Hence, they provide information that natural sensors
cannot. At their core, the information provided by sensors are data, which will be invaluable to
the next Industrial Revolution, Industry 4.0.16%% |n Industry 4.0, machine learning and Internet
of Things (1oT) will also be important technologies, and both will be reliant on data. A literature
search in PubMed® for Electrochemical Sensors reveals that a significant increase in articles
has been published in the field since circa 2005 (Figure 1).

As mentioned, the medical field is reliant on sensors, where they are referred to as
biosensors. There are different sensing modalities used for biosensors that include physical,

light, thermal, acoustic, chemical, and electrochemical.[®*1% The requirements of biosensors are
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similar to that of sensors found in other sectors, which include reliability, cost and
sustainability.® However, consideration are also given to their biocompatibility, and
overwhelmingly so if they incorporated into implants.['®l Of particular interest are
electrochemical sensors, which is the fundamental method used by glucose sensors. Diabetic
patients, and indirectly healthcare institutes, have tremendously benefited from the technology
in terms of both patient quality of life and socio-economical. The first biosensor was developed
for oxygen detection in 1956, which was subsequently followed by sensors for glucose and
urea in 1962 and 1969, respectively. This eventually led to the first commercial biosensor in
1975.*41 Now, the glucose sensor market was valued at $12.8 billion in 2019,1*% and is expected
to grow due to innovations in portability, cost-effectiveness, and accuracy. Such are the
benefits of using electrochemical biosensors. They dominate the glucose market owing to their
simplicity, portability, fast response, high sensitivity and low limits of detection.6l As
medicine is moving towards precision medicine and point-of-care diagnostic, the benefits of
biosensors will become more evident.[®1728 Further research is needed to expand the utility of
biosensors to target therapeutic drug monitoring, pathogens and other biological analytes. The
ideal sensor for healthcare institutions will need to be fabricated on-demand and needs to be
economically viable. Other than healthcare, the food and beverage, water quality control and
the sport industry are potential applications for electrochemical biosensors. The significance
of the technology being adopted by various and disparate sectors provides the possibilities for
new innovations to be translated across; since each sector will have its own approach to
problem-solving. Electrochemical sensors as a research field is truly cross-disciplinary and will
benefit from being researched by multiple disciplines.

Materials have been fundamental for advancing civilization, and as such several
decisive periods were named after materials: Stone, Bronze and Iron Age. More recently, in

the Information Age, the role of materials is less apparent. If sensors are crucial to producing



data and information, then by extension, their fabrication is equally essential. This is also
evidenced by the keywords ‘carbon’, ‘graphene’ and ‘nanoparticles’ being among the top 20
keywords in the aforementioned literature search (Figure 1). A network analysis further
highlights the intrinsic relationship between both synthetic and natural materials. Therefore,
materials are pivotal to the development of electrochemical sensors.

A primary component of EC sensors is the electrode, which interfaces with the analyte
of interest.[*] Electrode fabrication is mostly made through conventional techniques, such as
screen printing and photolithography, whose limitations are hindering innovation and clinical
applications. Conventional approaches are laborious, require cleanroom processing, multi-step
processing involving toxic materials, and rely on human involvement and precision.[?%?%
Furthermore, conventional techniques are limited to basic designs. Such limitations are not
suitable for the high-throughput and precision in fabrication needed for Industry 4.0. More
recently, there has been a growing interest in using state-of-the-art in fabrication technology,
additive manufacturing (AM), to circumvent these issues. 22241 This technology offers
multiple advantages over traditional techniques, including fabricating complex designs, multi-
material printing, rapid prototyping and high spatial resolution.l?! In addition, AM produces
less waste than traditional approaches for manufacturing electronics, making it more
sustainable.?l As a digital fabrication technology, AM can be integrated with other
technologies, such as machine learning and machine vision, to automate the fabrication
process.[?”28] AM also enables on-site and on-demand production of bespoke electrodes, which
if positioned within a clinical setting, has the potential to meet the demand for point-of-care
biosensors. AM is impacting multiple disciplines, where the potential of AM is being realized
in both research and clinical/commercial settings. The versatility of AM has resulted in diverse
applications thereof in fabricating EC sensors. The primary focus for EC sensors has been on

fabricating electrodes, where electrodes with complex structures provide enhanced



electrochemical performance and reproducibility compared to conventional electrodes.?°3% |n
addition, some AM technologies allow for nano-pattern feature construction with greater
precision than traditional fabrication technologies, and thus have the potential to address the
mutually-exclusive relationship between sintering and loss of nano-features that can impede
redox mediating properties when utilizing metallic nanoparticles.** As highlighted in this
review, AM is capable of fabricating other aspects of EC biosensors, such as electrochemical
cells and printed circuit boards.

This review is structured as follows. Section 2 provides an overview of the mechanisms
involved in EC biosensors. The main materials used fer as electrode transducers are presented
in Section 3, with a fundamental explanation of their conductivity. Synthetic materials for
enhancing electrode selectivity are presented in Section 4. A detailed progress report of AM-
based EC electrodes is presented Section 5, which includes innovative solutions to improving

conductivity. The prospect of AM-based sensors is given in Section 6.

(A Top 20 Keywords

sensor
electrochemical
electroactive
detection
carbon 4%

oxide

nanoparticles 4 Publications from 1986-2019

graphene
voltammetry
glucose
polymer
sensing 4
nanotubes -
impedance -
acid
spectroscopy 4700

Keyword
g 8 g

Number of Publications

dna 0
analysis 0
supramolecular 1990 1995 2000 2005 2010 2015
metal Year

0 500 1000 1500

\ Number of Publicaitons

B

electrochemical

sensor

wearable

@ ' SN .
organic { N\ N nanomaterial
7 78 \
| 1 ™ 3
cancer P nanocomposltes

voltammetry glucose

polymer
sensing

nanotubes

graphene
nanoparticles
carbon

detection impedance
analysis

gold

imprinted

enzyme / \ %" non-enzymatic

aptamer | (" nanostructures

immunosensor

gas
amperometry electronics

monitoring  screen-printed

&

Figure 1. Publications in Numbers. The number of electrochemical sensor publications
exponentially increased since circa 2005 (inset in A). The top 20 keywords associated with
electrochemistry include carbon, graphene, polymers and nanoparticles, which demonstrates
the necessity of materials to electrochemical sensors. The network graph of the keywords
reveals the intrinsic link between materials and sensors. Stronger associations are reflected by
the width of the edges. (data obtained from Pubmed using ‘Electrochemical sensors’ as the
keyword. Analysis and plotting were developed using the programming language Python).



2 Overview of Electrochemical Sensors

There are a few sensing modalities available when it comes to biosensors. Optical sensors were
first used to detect the presence of pathogens.?! The approach used staining to highlight and
differentiate between different cells. This concept of producing a chemical reaction is used to
this day, in the form of lateral assay flow (LFA), which is notably used in pregnancy tests.!!
Contemporary applications of light-based techniques have considerably evolved, particularly
with the advent of lasers and cameras. Raman in 1928 revealed that lasers could be used to
measure the activity of molecules, which led to the discovery of Raman spectroscopy.*!
Collectively, vibrational spectroscopy techniques, which include near-infrared, UV-Visible
and FT-IR spectroscopy techniques have been used as modalities for biosensors.[>-371 With the
COVID-19 pandemic, thermal imaging techniques were vital in identifying individuals
carrying the virus.®®%°1 Another modality utilizes thermal energy change. Thermometric
sensors measure the energy change associated with a biochemical reaction. The released or
absorbed energy is proportional to the number of molecules produced by the biochemical
reaction. The temperature change is measured by a microcalorimetry, whereby the transducers
are thermocouples or resistance thermometers. The most widely used thermometric sensor are
enzymatic biosensors. These have the advantage of simultaneously detecting multiple analytes
(multiplex). Thermometric, or calorimetric, sensors have been used to monitor glucose and
cholesterol; however, given their high cost, difficulty in manufacturing and possible fouling
limit their use.* Among the different technologies used thus far, electrochemical-based
modalities are the most widely studied,*?! due to their exceptional advantages.

In electrochemistry, the electrical signal is directly generated from the analytical signal,
which is in contrast to common spectroscopic methods. Furthermore, optical biosensors suffer
from complexity, low sensitivity and ean-be difficulty in interpreting the spectra generated.**!

Thus, fewer components are needed within the circuity. Moreover, and in contrast to thermal



biosensors, electrochemical sensors can be made to detect a specific bioanalyte.[*l The main
electrochemical techniques employed in biosensing are amperometry, conductometry and
potentiometry.[*s1 Other techniques include impedance, field-effect transistors,[*®! and
capacitive sensors have also been employed./*” Previous work has also sought to combine two
electrometric systems into one biosensor.[*®!

In amperometry, a voltammogram is created to analyse the signal, whereby a potential
is generated between electrodes and the change in current is recorded as a function thereof. The
change in current is a result of the analyte undergoing either oxidation or reduction.
Amperometric detection can be in the form of a two-, three- or four-electrode configuration.
The three-electrode setup is more commonly used, comprising a working electrode (WE), a
counter electrode (CE) and a reference electrode (RE), as illustrated in Figure 2. The potential
in a three-electrode setup is controlled by an electronic circuitry referred to as a potentiostat.
The redox reaction causes a change in the current flowing between the WE and CE proportional
to the concentration of the bioanalyte. The electrochemical activity occurs on the WE, which
results in the oxidation or reduction of the bioanalyte upon receiving a voltage, and where the
change in current is measured. Common materials used include platinum, gold, and glassy
carbon, with a biorecognition layer incorporated (Section 3). The CE, in turn, behaves as the
source or sink of electrons for the cathode or anode WE, respectively, effectively closing the
circuit and allowing the current to flow between the two electrodes. The RE is used to
accurately measure the applied potential relative to a stable reference reaction. The voltage
potential window is a function of the electrode; for example, for a typical carbon electrode, this
can be from +1.1 to -1.2 V, hence the bioanalyte’s cathodic and anodic peak potential should
fall within the potential window. A number of voltammetry tests can be applied to initiate the

electrochemical reaction and generate the electron transfer. Frequently used techniques include



cyclic, linear, and differential pulse voltammetry. Other electrochemical techniques include

conductometry and potentiometry, but are explored to a lesser degree.
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Figure 2 Schematic of (A) an analytical three-electrode potentiostat setup, (B) a screen-
printed electrode (WE, CE and RE are the working, counter and reference electrode,
respectively), and (C) overview of typical layers of a working electrode (MIP — molecular
imprinted polymer).

Most of the research involving electrode design has centered on the working electrode.
Conventionally the first layer of the WE is the biorecognition site or layer, if a semi-permeable
membrane has not been used. Here, the biorecognition element, whieh could be natural, namely
an antibody, an aptamer or an enzyme; or synthetic, such as nanoparticles or molecularly
imprinted polymers, or a combination thereof.[**! In-depth reviews of the biorecognition
elements and a selection guide can be found in previous reviews,*’! and a brief discussion of
the salient elements are given in Section 0. Suffice it to say, the aim of the element is to form
an interaction between the bioanalyte that subsequently generates the electron. Essential
characteristics needed include selectivity, whereby only the target analyte generates the

electrical signal; sensitivity, with regards to the resolution capabilities of the sensor detecting



subtle changes; and linearity and detection limit.[°! To achieve said feats, the element needs to
be anchored onto the transducer at a high density and in an orientation that allows for the
bioanalyte to access the active sites.®] The layer itself, which is typically polymeric or
carbonaceous in form, is used to facilitate the immobilization of the element onto the
electrode.[® Key factors to consider include establishing a firm attachment onto the electrode,
whilst being durable and non-destructive to the biorecognition element. The material selected
will also need to be specific to the desired biorecognition element, and should facilitate the
electron transfer. Again, these traits are a function of the material’s properties, such as porosity
and charge transfer rate, as well as the processing parameters, such as the resultant
biorecognition layer height. A thicker layer will be able to house more elements, thereby
increasing the density thereof. A commonly-used layer is chitosan, which is biocompatible,
capable of forming uniform films and hydrogels, and can be functionalized owing to its
multiple oxygen- and nitrogen-based functional group.®2 Furthermore, chitosan is easily
sourced and inexpensive.

Adjacent to the biorecognition layer is the transducer. This layer is the conductive
component that receives the electrons generated and produces an electrical signal proportional
to the biochemical reaction. There are a number of materials used as a transducer, which will
be discussed in the following section. From a design perspective, the surface area, surface
roughness and porosity of the electrode influences performances. For example, porosity
influences immobilization™ by to imparting a high surface area,® and quickens the transport
of gas and liquid exchange.® The final step is for the electrons to travel across the electrode,

and along the traces, and to the potentiostat for readings.

3 Materials Selection for EC Biosensor Electrode Transducers

As mentioned, material selection underpins electrode design. Factors governing the material

selection include conductivity, cost, availability, workability and biocompatibility. For
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example, an electrode fabricated from gold will achieve a low resistivity, but this comes at the
expense of cost. In this section, conventional and emerging materials used to fabricate the

transducer are discussed.

3.1 Metals

As the most conductive from the main categories of materials, metals are the “gold standard”
for many electrical applications.®® Compared to traditional ceramics and polymers, these
values are several orders of magnitude greater. Metals are an inorganic, crystalline materials
in which positive ions are surrounded by delocalized electrons, and can form metallic bonds.
The metallic bond is a result of the attraction between the positive ions in the lattice and the
free electrons. The valence electrons in metals are shared among all atoms rather than
associated with an individual atom, and forms what is referred to as an electron gas that
randomly circulates the cations. When an electric potential gradient is applied, the electrons
move down the gradient with little hindrance, that-tmparts imparting metals with their high
conductivity. Non-crystalline metals can also be synthesized; these and-are referred to as
metallic glass (MG); due to their amorphous nature. The advantages of MGs for biomedical
application include corrosion resistance,®”1 anti-bacterial properties,™ biocompatibility and
biodegradability®®. However, their conductivity is inferior to crystalline metals,’® and hence
have seldom been used as biosensors. It is worth acknowledging that MGs are 3D printable, %]
and that they can be thermoplastically deformed at the nano-level. The latter was exploited by
Kinser et al. (2019) using platinum-based BMGs to enhance the signal and sensitivity
compared to planar electrodes, for the detection of glucose.[%?]

For biosensors, metallic nanoparticles (NPs) are the preferred form.[®®! Previous work
has demonstrated that direct adsorption of enzymes and other proteins on to the bulk metal
surface frequently result in denaturation of the protein and loss of catalytic activity. In

comparison, metal NPs have a lower denaturing impact.[®3 Moreover, they are able to improve
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the conductivity of the electrode owing to their large surface area while insignificantly
increasing the occupied volume, in contrast to bulk metals.[* A further advantage is their
ability to provide electrochemical reversibility for redox reactions, which is unattainable with
bulk metal electrodes.® Additionally, NPs have been incorporated into conductive polymers
to enhance the latter’s conductivity further. Impedance studies have revealed a considerable
decrease in charge transfer resistance on electrode modification.[®l Lastly, 3D printing of
metals as NPs is more readily achieved compared to their bulk form. Both gold and silver
nanoparticles have been discovered to exhibit conductivities in the same order of magnitude as
their bulk counterparts,-%1 however this is dependent on the processing parameters utilized.
Conductivity as high as 31,000 S/m was reported when polymeric feedstock was blended with

metallic powder for fused deposition modelling (FDM), a subset technology of AM. ]

3.2 Ceramics

In electrical circuits, ceramics are widely used as dielectrics where although no or little current
is passed through, the electric charges are polarized, and in turn, electrical energy is internally
stored."" Ceramics can also be doped with either p-type or n-type dopants that can impart
conductivity ranging from semi-conductive to conductive.l’>72 The interest in biosensors lies
in extrinsic semiconductors, which are materials that are not inherently semiconducting and
thereby requiring a dopant. In the case of n-type semiconductors, the ceramic gains loosely
bonded electrons through doping. Upon receiving sufficient energy to transition the bandgap,
such as in the form of temperature or a voltage, the loosely bound electrons can break its bond
from the parent atom and consequently contribute to current flow.[”!

An example of an n-type ceramic that has seen widespread use in sensors in the form
of thin films is indium-doped tin oxide (1TO),[™ which can also be classified as an alloy

depending on the oxygen content. ITO is a composition of indium (I11) oxide and tin (V) oxide

11



at a ratio by weight of 9:1, wherein the latter is the dopant used to enhance the material's
conductivity. The resistivity of ITO can be achieved in the order of 107" Qem, which is one
order of magnitude greater than the top three conductive metals.[®*! However, the conductivity
of ITO depends on the substrate into which ITO is coated on. Owing to its use in solar cells,
the primary substrate for ITO coating is transparent quartz glass.; whe If flexibility is sought-
after, then ITO is deposited on polyethylene terephthalate (PET), which is also transparent.
Aside from its excellent conductivity and low absorbability of light, ITO is less expensive than
metallic conductors, exhibits suitable substrate adhesion, and possesses stable electrochemical
and physical stability. The low cost of ITO sheets confer disposable electrodes.t” The primary
3D printing of ITO is in its nanoparticular form via inkjet printing, in which ethanol has been
reported to be an effective dispersant.[’® Several studies have obtained resistivity in the order
of 10* Qeml""78 when inkjet printing, which can be enhanced to 10 Qem when silver is
incorporated, albeit at the expense of transparency.l”®! Annealing of inkjet-printed products has
been found to govern the final resistivity.[’”€% ITO can also be printed using a particle-free
method. The approach entails printing solutions of indium and tin acetate, wherein during the
subsequent annealing step carbon dioxide bubbles that are released are able to control the ITO
nucleation process.[® The resistivity determined by the particle-free method was 2.9 x 10*
Qem, and yielded a porous film. Aside from ITO, other oxides have been used as electrodes in

biosensors.[82:83]

3.3 MAX Phases

MAX phases are a new class of materials that combine the properties of metal and ceramics.
They are materials with the Mn+1AX, phase, where the M is an early transition metal; A is an
A-group element, X is either a carbon and/or nitrogen group, and n ranges from 1 to 6.1 For

example, TisALCz, NB4AICs, or CroAlC.[4#%] This configuration endows them with unusual
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and exceptional properties, including electrical. The electrical conductivity is due to the
metallic bond, which has been measured in the order of 10° S/m, but can be modified.[687]
Hadi et al. (2018) applied density functional theory calculations, and reported that conductivity
increased as the M element transitioned down from the top of the periodic table.l¥l A 2D
derivative of MAX phases, MXene, with remarkable properties can be obtained through
exfoliation.®®] MXenes were first synthesized in 2011, and have already garnered strong
attention due to their high conductivity, which under optimal synthesis condition can yield 1.5
x 108 S/m.° |n addition, they have a strong potential for energy storage, with a volumetric
capacitance of up to 1500 F/cm®.[°°! In light of this, their potential in electrochemical sensors
has already been investigated, with a selection of examples tabulated in Ref®Yl, Of note was
the use of MXene for inducing direct energy transfer of hemoglobin, which is difficult to obtain
on bare electrodes. MXene were also used to enhance the conductivity of PEDOT:PSS, an
inherently conductive polymer.[®? Moreover, compared to graphene and its derivatives, the
multilayer structure of MXene vyields a larger specific surface area, which facilitates
immobilization of materials onto the electrode surface.®®! In addition, MXenes were
discovered to preserve enzymatic activity on electrode surfaces.®®

MXenes possess the inherent stability properties in liquids, which precludes the need
for surfactants or dispersants when forming a stable ink, as would be the case for other
particles.®!! Zhang et al. (2019) successfully leveraged this property for both 1JP and DIW of
titanium carbide MXene inks in both organic and aqueous inks.®! Incredibly, no sedimentation
was observed after 12 months from preparing the ink. With 1JP, the authors were able to obtain
a conductivity of 2.8 x 108 S/m, which decreased to 1.1 x 10% S/m after 1000 bending cycles.
The additive-free approach proposed by the authors contributes to the scalability of the
conductive material via DIW and 1JP. Although currently there is no mention of MXene

fabricated using FDM, they have been impregnated into thermoplastic polymers.! Thus, there
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is potential for MXene to enhance the conductivity of FDM filaments, provided that the solid
loading does not increase the viscosity beyond the printing limits. Interestingly, MXene were
revealed to exhibit interesting rheological phenomenon when combined with alginate and
poly(ethylene oxide) (PEO). At an MXene solid loading of 1 wt%, the viscosity of
PEO/alginate ink decreased by 10.1%.[°¢! It was surmised that the inclusion of MXene
decreased the interaction between adjacent polymer chains. To the author’s knowledge, this is
the first report of an inorganic filler having a plasticizing effect; and in contrast to the majority
of inorganic fillers (metallic, ceramic, carbonaceous) that increase the viscosity of polymer
inks when impregnated therein. Despite being recently discovered, MXenes have a great
potential in electrochemical biosensors, with opportunities in wearable technologies.%%7]

A further benefit of MXenes is that they can be bio-functionalized, due to their
hydrophilic surface species that allows them to be easily functionalized through either physical
adsorption or electrostatic attraction.®® To date, they have been functionalized with antibodies,
DNA, enzymes, and aptamers, to impart features such as enhanced sensitivity or selectivity.[*®-
1031 As Mxenes possess a large surface area, there is potential for immobilization of large

amounts of biological molecules.

3.4 Polymers

Comparatively, polymers exhibit the highest deformation, and can be easily processed anré at
lower temperatures and cost.*%41%1 A plethora thereof are recyclable as well as biocompatible.
For these reasons, polymers are an attractive option for many applications, and have replaced
metals and ceramics in certain applications.[*%1971 Once again, the conductivity is positively
correlated to the carrier mobility and carrier concentration.['%®! Indeed, widely used polymers
such as polycaprolactone (PCL) and polylactide (PLA) can be made electrically-active by

incorporating conductive materials such as carbon nanotubes and graphene once the

14



percolation threshold has been reached. However, these will not be discussed here-and. Instead,
inherently conductive polymers are the subject of interest for this section.

Inherently-conductive polymers consist of conjugated backbone that give rise to their
conductivity, whereby the bonds alternate between single and double carbon bonds. The single
bonds have been found to impart strength to the backbone, and the double bonds possess p-
orbitals that overlap with one another, thereby forming loosely bound electrons that are free to
move into a conduction band. Intrinsically, however, such polymers are unstable with respect
to bond alternation that induces the formation of a large band gap between the valence and the
conducting band (in excess of 1 eV), which confers semi-conducting characteristics. In order
to overcome the large energy gap, and hence transition from semi-conductive to conductive,
the conjugated polymers need to doped, whereby a charge carrier is introduced into the
polymeric system that either adds or removes electrons. This re-localizes them as polarons or
bipolarons, whereupon an electrical potential is applied results in an electric current
generated.[*9%-13 The dopants can be either anionic or cationic, such as ClO4~, Na*, or larger
polymer particles, such as poly(styrene sulfonic acid).[***

There are more than ten conductive polymer systems reported.['**! Poly(3,4-
ethylenedioxythiophene) (PEDOT) is one of the more common conductive polymers, and is
commercially available. PEDOT possess many advantages that make it attractive for sensors,
including biocompatibility, good electrical conductivity (above 300 S/m), prolonged thermal
stability at 125 °C, transparent, and stable in air and humidity.[*'61 PEDOT alone is insoluble,
and hence is usually conjugated with poly(styrenesulfonate)(PSS) to bestow solubility**’l and
is referred to as PEDOT:PSS. PEDOT:PSS exhibits thermoelectric properties, which can be
used for developing energy harvesting technologies.[**®! Furthermore, its optical properties
provides the added benefit of producing a flexible and transparent electrodes.[*1%12°1 However,

pristine PEDOT:PSS exhibits low conductivity (below 1 S/cm) due to the non-conducting PSS-
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rich layers encapsulating the conducting PEDOT chains.!*?!1 However, this can significantly
be increased through doping or solution processing. A value of 4380 S/cm was reported for
PEDOT:PSS when post-treated with sulfuric acid.l*??l Dimethyl sulfoxide (DMSO), which
incidentally is FDA-approved for intravesical use,*?®l has been found to increase the
conductivity of PEDOT:PSS through solvent additive methods, with a value of 677 S/cm
reported.'?41 Solvent additive of PEDOT:PSS with ethylene glycol yielded a conductivity of
830 S/cm, which was ascribed to the increased in carrier mobility from 0.045 to 1.7 cm?/\V/S.[1?]
A more in-depth review of approaches for enhancing the electrical conductivity of PEDOT:PSS
can be found here.[*?6] Recently, the polymer was solution-processed using a combination of
an organic acid-organic solvent which yielded a polymer film thereof with a conductivity of ~
3500 S/cm, yet maintaining a high transparency of 94%.[*?"1 |onic liquids, which is are of
topical interest as solvents in green chemistry, have also been found to enhance the
conductivity of PEDOT:PSS, with PEDOT:PSS films possessing conductivity of ~ 1000 s/cm
recently discovered.*?81 Further processing is also beneficial in addressing PEDOT:PSS
hygroscopic behavior, which negatively impacts its conductivity over time, causes the polymer
to swell,’?°1 and has been found to impact the mechanical stability.[***! Furthermore, if
impregnated with metallic nanoparticles, then the absorbed water can result in corrosion
thereof within the polymeric matrix.*®¥ The hygroscopic nature of the polymer can be
circumvented by forming a neutral-pH PEDOT:PSS that suppressed water absorption,*3%
changing the ratio of PEDOT to PSS,*?°l and incorporating solid organic compounds.**?
Furthermore, PEDOT:PSS conductivity undergoes degradation upon UV exposure, especially
at wavelengths below 320 nm, which can be mitigated via different means.**¥! However, this
can be leveraged for engineering spatial patterning in film conductivity.™***!

Nevertheless, given the aforementioned advantages, PEDOT:PSS has been widely

researched in biosensors.['3>136] The polymer displays both excellent electrochemical stability
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and reliability.*3"1 Additionally, the polymer’s surface has been found to be suitable for the
electrodeposition of nickel nanoparticles, which is a cheap, selective and sensitive non-enzyme
electrode,*% and glucose oxidase immobilization.[**”1 Therefore, possessing both attractive
conductive and non-electrical properties, the versatility has resulted in PEDOT:PSS in widely
being used in biosensors. Other inherently conductive polymers are polyaniline (PANTI),!
polypyrrole (PPy), [14% and polyacetylene,** which can be fabricated via AM. For example,
PPy AM electrodes have been fabricated for non-amperometric systems, including both
wearable and non-wearable supercapacitors. 142144 Ultimately, AM offers microscale printing

of conductive polymers in a programmable and facile manner in 3D space.?"]

3.5 Carbon Allotropes

Carbonaceous materials, or carbon allotropes, have been overwhelmingly used in biosensor
fabrication, which include graphene (GR), carbon nanotubes (CNT) and carbon black (CB).
The sizes of said materials are in the order of nanometers, and compared to other nanomaterials,
such as metallic NPs, carbonaceous materials have a larger surface area to volume ratio, high
chemical stability, wide potential window, and are chemically inert. Furthermore, they exhibit
a rich surface chemistry that provides a variety of redox reactions.!*®! The electrochemical
characteristics vary between the different allotropes, and are heavily influenced by the
hybridization state and the structure thereof.[*4°]

Carbonaceous materials can be classified into zero-, one-, two- or three-dimensional
structures. A 2D example is graphene, which possesses exceptional properties that make it ideal
as a transducing material. GR has a zero band gap,**®! and contains sp? hybrid bonds in three
of the four carbons and that forms overlapping orbitals between adjacent carbon atoms to form
a large delocalized pi-bond.*461471 The effect thereof results in a highly conductive

material,*#”) which is similar to silver ~ 108 S/m.[**8] GR also displays high current density,
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carrier mobility at room temperature, large specific surface area, comparatively high
transparency (97.7%), large thermal conductivity, and enhanced mechanical properties.[*4°]
One limitation of GR is that it is difficult to synthesize and eispersing disperse in solvents has
proven-to-be-challenging. For this reason, previous work has employed derivatives of GR,
including graphene oxide (GO) and reduced graphene oxide, that are able to address the
aforementioned shortcoming.[***! High-yield synthesis,[*4"] whilst maintaining fast electron
transfer rate and high redox peaks with linear cathodic and anodic currents,**! can be obtained
by said derivative. GO contains a number of oxygen-containing functional groups, which make
it highly catalytically activel**”, Reduction of GO partially reverts the oxide to its original state
and improves its electrical conductivity.[*46] Another limitation of graphene is the complex and
expensive process to ensure pure GR has been obtained. Catalysts have been utilized to
facilitate GR growth however these increase the toxicity after production. 24!

Carbon nanotubes are another carbonaceous material that have been intensively
explored for electrode fabrication. These are 1D allotropes with a hollow structure and can
have one or more walls; an increasing number of walls yields a lower surface area.*5%51 The
electrical conductivity of CNTSs are again due to the pi-bonds formed between adjacent atoms.
CNTs can be simultaneously multi-conjugated to obtain the desired functionality, which has
the potential to achieve a multiplex sensor.[*52 Conjugation is also necessary to address their
limitations, namely insolubility and the tendency to aggregate. Nonetheless, conjugation
procedures can be straightforward involving ultrasonication, centrifugation and filtration.
Indeed, this depends on whether non-covalent or covalent bonding is desired, whereby the
latter is likely to interfere with the conductivity of the CNT system.

The dimensions of CNTs have a diameter that is in the nano-region, which is a requisite,
whereas the length can differ, and-consequenthy-yield thereby yielding different aspect ratios.

Single-walled carbon nanotubes (SWNT) possessing a high aspect ratio with a length of 20 cm
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has been previously reported. Multi-walled CNT (MWNT) may exhibit diameters of up to 100
nm, where the distance between two walls is comparable to the distance between the graphene
layers in graphite. Nevertheless, a typical MWNT has a diameter in the nano-region, and a
length in the micron-region. Such small sizes allow CNTs to effectively cross biological
barriers, such as crossing the cell membrane and entering individual cells, which is a desirable
trait in intracellular biosensing applications. The electronic properties of CNTs are undeniably
suited for electrochemical analyses, with an electrical conductivity in the order of 107 S/m for
pure CNTs.!*581 Additionally, and like other allotropes, CNTSs display high chemical stability,
sensitivity, electrocatalytic activity and fast electron transfer rate. A facet that facilitate
conductivity of CNTs include their low defect prevalence, which results in fewer electron
scattering. The conductivity of CNTSs differ depending on their diameter and chirality, and can
either be semi-conducting or semi-metallic. Additionally, CNTs possess large specific surface
area that enables immobilization of a number of biofunctional molecules.l*>*! However,
immobilization may damage the activity of a biomolecule, as well as their structural stability.
Furthermore, manufacturing the desired CNT dimensions is difficult, in addition to being a
costly technique that lacks a high-purity output.l*531 Carbon black is another allotrope, albeit
not thoroughly as explored as GR and CNTs. CB has a conductivity of ~ 10° S/m, which is
notably lower than its aforementioned counterparts. However, CB is relatively less expensive,
whilst exhibiting stable dispersion without further processing, and can be used to immobilize
organic molecules thereto. Again, the conductivity is a function of the sp? hybridized orbitals,
and can be modified through heat treatment.[*56]

A widely adopted approach in the fabrication of electrodes is to composite polymers,
either inherently insulating or conductive, with carbon allotropes to confer the latter’s highly

conductive attributes. Considerations needed with this approach include the percolation theory
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and the effect of the composite on electron scattering, whereby the latter is inversely
proportional to the conductivity.[*57-160]

H-is-worth-acknowledging-the-use-ef-a-Another carbon-based material that has seen
extensive use in electrochemical analysis, but in the form of a bulk material, is glassy carbon
(GC). GC are non-graphitic, vitreous carbon formed as a result of pyrolysis of certain
polymeric precursors, [ that have been employed as analytical electrodes for electrochemical
analyses, or as the substrate of the chemically modified electrodes. GC electrodes (GCE) are
suitable replacement for metal-based electrodes, such as platinum or gold, as the latter possess
a smaller cathodic potential window as a consequence of low hydrogen overvoltage, and thus,
are not suitable for redox reactions that occur at more negative potentials. Additionally, the
formation of oxides on the surface of platinum and gold electrodes induces high background
noises.162-1641 GCE are also favored over graphite electrodes due to the former exhibiting the
hardness at high potentials where the latter would physically fail. In addition, GCE exhibit
good electrical conductivity with a wide potential window, high hardness, low porosity, low
gas and liquid permeability, low oxidation rate, and high chemical inertness. Hence, GCE are
suitable as inert electrodes. GCE are, however, susceptible to fouling and adsorbing
undesirable matter from the surrounding environment, which include by-products from the
electrochemical reaction. GCE possess limited active sites that results in low sensitivity and
selectivity of the analyte for trace measurements, hence adsorbing undesirable particulates will
further influence the reproducibility of the analysis. For this reason, GCE are seldom used in
their bare form and are pre-treated to address their limitations.[*®*! Pre-treatments are also
applied to increase the specific surface area, enhance electron transfer kinetics, and introduce
functional groups personalized towards the analyte of interest. Drop cast offers the simplest

and fastest method of pre-treating GCE. Using carbonaceous solution establishes n—n
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interactions with the GCE surface yielding a stable film thereon.[*%¢1 Using carbon nanotubes
has been reported to increase the sensor lifetime and affords detection at lower potentials.*67]

AM of carbon allotropes such as GR and CNT is performed through either
impregnating or coating a polymer matrix, and via different AM technologies.[*®3-17%1 Xjong et
al. (2016) demonstrated that AM can be used to spatially control CNT at the nano-level for
fabricating nano-architecture electronics.l*”# Incorporating carbon allotropes increases the
conductivity of polymers, but this is at the expense of increasing the rheological and elastic
modulus. Hence, a balance between achieving high conductivity whilst ensuring, for example,

extrudability or flexibility is maintained.[6%175-177]

3.6 Quantum Dots

Quantum dots (QD) is an emerging nanomaterial with 0D, and unique electrical and optical
characteristics.['87%1 The majority of the literature indicates that carbon-based QDs are
favored for electrochemical biosensors, wherein the carbon atoms are linked by sp? and sp®
bonds. These amorphous materials display low toxicity and provide a wide functionalizing
suitable for surface modifications.[*® In addition, they possess large surface area, excellent
biocompatibility, facile and sustainable synthesis, and are relatively inexpensive.l*8l In
contrast, metal QD are considered toxic.*82 QD have been tested in biological samples for
detecting topotecan;*8 the anti-cancer drug cisplatin in both blood and urine samples;™*®! and
have been impregnated into metal-organic frameworks for improving the sensing activity
towards nitrite.'®% A case study ef-where— in which QDs where were incorporated with
molecular imprinted polymers is detailed in Section 4.2. QDs exhibit sufficient characteristics
that allow them to be fabricated via fused deposition modelling,[*#! stereolithography, 871 laser

writing,[®! and direct ink writing.[18:190]
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4 Materials for Enhanced Selectivity

The ideal electrode should be highly selective for the analyte(s) of interest, in order for the
technology to receive practical applications. It is seldom that biological samples reflect the
confined restrictions observed in the laboratory; wherein biofluids can possess multiple
analytes with overlapping signals. Metallic NP and carbon allotropes can interact with analytes;
however, they are less effective when more than one analyte is present. To address this
limitation, materials that are highly selective for the analyte of interest are incorporated.
Section 2 mentioned examples of such materials, including enzymes, which are used in
commercial glucose sensors. This section will focus on two of the most promising synthetic

materials, molecular imprinted polymers (MIP), and aptamers.

4.1 Molecular Imprinted Polymers

MIPs are polymers with a predetermined ‘imprint’ of the analyte, which are cavities
corresponding to the shape, size and orientation of the bioanalyte. Interestingly, the concept of
polymer templates was first proposed in the 1930s. However, it was in the 1970s were when
the term MIPs was coined, and that their popularity rose.[*%¥1 MIPs are able to achieve high
selectivity for a myriad of analytes, including proteins, macromolecular structures and
microbes — essentially covering the majority of bioanalytes.[*%? Abbasy et al. (2020) recently
demonstrated that MIPs can exhibit high selectivity for proteins compared to non-imprinted
polymers.**1 Moreover, studies have repeatedly demonstrated their stability across different
stresses and biocompatibility,[*%+1%! whilst demonstrating enhanced retention of analytes.
Their potential is further boosted by the low cost and facile preparation methods needed to
achieve the high selectivity. Recent work has expanded their application to include molecular
recognition in aqueous solutions, which is a positive progress towards their implementation in
real-world application.[*°"]
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MIPs are prepared by first synthesizing the monomer, and subsequently co-
polymerizing. The monomer is synthesized in the presence of the template (i.e. the desired
analyte), which is subsequently solvent washed to leave behind an imprint. The imprint
provides both a physical representation of the analyte, and possesses the functional groups
needed to establish a bond with future analytes during testing. The polymerization step can be
obtained my by different methods, including photo-polymerization, electropolymerization,
bulk polymerization and precipitation polymerization.*°l

Typically, there are two forms of MIP preparation, which depends on whether a
covalent or non-covalent interaction is preferred, with a third, semi-covalent, also reported.
The process begins by mixing an admixture of functional monomers, the template (analyte),
the initiator and a crosslinker in a solvent. This yields a highly cross-linked polymer that
encloses the template, and produces a negative mold thereof. Thereafter, the template is
removed from the as-synthesized polymer using a solvent mixture of organic solvent and mild
acid. The non-covalent approach is desired, owing to its simplicity in preparation, but also its
fast connection kinetics. Regarding the polymerization step, bulk polymerization is the most
commonly used approach, however, electropolymerization is also preferred due to the spatial
resolution, ease of controlling polymer thickness and reproducibility.[*%%2%1 On the other hand,
photopolymerization has a rapid initiation rate, can be performed at low temperature, and offers
high spatial polymerization.?®!1 Spatially controlling the structure of the MIPs can produce
patterns with higher surface area, and thereby, result in increased binding sites.?? This was
perfectly demonstrated by Gomez et al. (2016) who fabricated MIPs using two-photon
polymerization stereolithography (2PP), which is an AM technology with sub-micron
resolution.[?®®l MIPs were also fabricated using a bioprinter, which operates on a similar

principle as direct ink.[2%4
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4.2 Aptamers

Aptamers are synthetic antibodies that behave like a synthetic receptor for analytes. They are
three-dimensional, single-stranded oligonucleotides that synthesized to bind to a specific
target. Depending on the configuration, aptamers bind to the target analyte via van der Waals
forces, hydrogen bonding, or electrostatic interactions. Their affinity and selectivity are
comparable to an antibody, and hence are highly specific. In contrast to antibodies, aptamers
can be produced in vitro, and thus obviating the need for animals, easily functionalized,
scalable, and do not require low-temperature storage. One notable property of aptamers is their
ability to generate easily after denaturation.?®® Their broad application across a number of
medical fields is expected to see the aptamer industry reach $ 245 million.[2¢l

The aptamer synthesis process is randomly generated in vitro from a sequence pool,2°’]
which can take between two days to two weeks to complete. The most common process used
is systemic evolution of ligands by exponential enrichment, SELEX, which is an iterative
process consisting of incubation, binding, partitioning and amplification. Initially, a random
pool of oligonucleotides are is incubated with the desired analyte, wherein some
oligonucleotides bind with the analyte. The bound and unbound oligonucleotides are separated
during the partitioning step, whereby the bond sequence is further amplified by polymerized
chain reaction to enrich the pool. For a more in-depth description of the SELEX process, the
following references can be referred to. Refs [20820]

Aptamers can be combined with MIP, where the inclusion of MIP was reported to
produce a threefold increase in sensitivity;[?1% with a limit of detection in 1 pg/ml for prostate
specific antigen. Recently, a LOD detection for ibuprofen of 33.33 atto-molar was recorded,
which is superior to the limit of other analytical techniques such as high-performance liquid
chromatography and colorimetry.[?**l Hence, there is potential of electrochemical sensors to

replace the aforementioned characterization techniques in day-to-day research. It is worth
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noting that aptamers are costlier than MIPs.[2122131 The most frequently used AM technique for
aptamers is inkjet printing.’?42%% Aptamers exhibit low thermal stability (< 100 °C),[26-28]
which precludes their use by high-temperature AM techniques. However, there is potential to
improve thermal stability by exploring new aptamer sequences.?'®! Their stability during vat

polymerization techniques is yet to be determined.

5 Additive Manufacturing of EC Biosensors

Electrochemical electrodes have typically been fabricated manually in stages, with screen
printing being the common technology used. Screen printing offers rapid production. However,
this is at the expense of high production cost, and the electrodes produced being limited to
design complexity and two-dimensional. As mentioned in Section 1, AM, also referred to as
three-dimensional printing (3D printing), is at the frontier of fabrication; and offers several
advantages, including lower production cost, rapid prototyping and can yield electrodes with
complex designs.

There are different AM technologies available. The process of AM begins with a model
designed using a computer-aided design software (CAD)..-whieh-This model is subsequently
processed by a slicing software, which allows the AM instrument to compute the layer-by-
layer process. The sliced file, in the form of a .gcode, is then sent to the AM instrument where
it begins to fabricate the object. Once finished, the object can be removed from the instrument
and used as-fabricated. Some technologies however do require a post treatment to produce the
final product. Although not necessary, other techniques incorporate post-processing to further
enhance the product’s properties. The main AM technologies used in EC biosensors are fused
deposition modelling (FDM), direct ink writing (DIW), inkjet printing (IJP), aerosol jet

printing (AJP), stereolithography (SLA), digital light processing (DLP), and selective laser
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sintering (SLS) or melting (SLM), where each technique has a different process to fabricating

products.

5.1 Fused Deposition Modelling

FDM is the most widely used AM technology, owing to its comparatively low capital
and running cost, compactness and range of materials available.[?2] FDM is an extension of
hot-melt extrusion (HME), whereby powdered or pelletized polymers are poured into the hot
melt extruder HME. The HME extruder subjects the materials to both heat and shearing before
extruding the materials into filaments, which are used as feedstocks for FDM. Filaments can
be commercially obtained, including conductive filaments, or can be fabricated in-house for
further personalization. When the filaments are inserted into the FDM printer, they are again
converted into their semi-molten state and extruded via a nozzle at the designated temperature.
As the extrusion process happens, the nozzle, which is on a CNC-type gantry, is moved
according to the design made using the CAD software. The semi-molten filament is deposited
onto a platform, where it solidifies as it cools down to form the structure.[??2222l FDM offers
the possibility to fabricate multi-material objects using dual extrusion, whereby each extruder
contains a different material.[?232241 Although the printed product can be used as-fabricated,
post-processing of the print can further enhance its properties. Post-processing techniques
include physical, chemical and laser treatment.[225-227]

FDM uses thermoplastic polymers, which are inherently non-conductive. A conductive
print can be achieved through subsequent coating using a conductive paint.[??2! However, for
the most part, conductivity is achieved by impregnating the filament with a conductive filler,
and subsequently printing.[?2°2%1 A balance must be struck between achieving a conductive
filament without comprising its printability. A primary factor is the solid loading of the

conductive element. The balance here is to achieve a high solid loading to obtain a percolating
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structure within the polymer matrix, which ensures that current can flow unimpeded. However,
the majority of inorganic fillers possess a high elastic modulus, and hence with increasing
loading the polymer-filler composite begins to exhibit brittle properties. A previous study
demonstrated this by incorporating nanographite into PLA.[?*Y The nanographite loading
ranged from 0 to 40% (Figure 3 (A)), which was quantified using thermogravimetric analysis.
and Scanning Electron Microscopy (SEM), Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS) were used to confirm eenfirmed the presence of graphite. During this solid
loading range, the PLA-nanographite displayed a sigmoidal increase in conductivity,
plateauing at 25 wt%. Incidentally, above this value, the filament became brittle and the
printability began to deteriorate due to the lack of thermoplastic binding from the PLA.
However, despite being only 25 wt%, the electrode displayed typical graphitic behavior, as
demonstrated by the heterogenous electron transfer constant (k) of 8.12 x 10°3 cm/s. Previous
work has also highlighted that increasing the solid loading can result in issues that manifest in
different ways, such as nozzle blockage due to high viscosity; accelerated nozzle wear due to
the abrasiveness of the materials; and filament fracture due to brittleness. The choice of
thermoplastic is also a key determinant. Rymansaib et al. (2016) also used FDM to print their
electrodes for detecting lead,’® and found that at 10 wt% loading of carbon-nanofibres,
polystyrene exhibited higher conductivity than both acrylonitrile butadiene styrene and
polycaprolactone, which are two widely-used materials in FDM. Hence, when considering the
choice of thermoplastic, considerations should also be given to its wetting, polarity,
crystallinity, and melt-viscosity properties, which in turn will influence the electrochemical
performance of the FDM-printed electrode.[?% Pre-treating the CNT with a solvent is another
alternative to maximizing solid loading, as it can reduce agglomeration within the polymer
matrix.[233-231 |t s feasible to achieve a solid loading of 53 + 7 wt% for a filament that is both

printable whilst functioning as an electrode.[?*!
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Further to material properties, the printing parameters are also known to impact
electrode performance. For detecting serotonin, Abdalla et al. (2020) reported that the
electrochemical activity can be improved by considering the printing orientation (Figure
3(B)).I%¢1 ertically-printed electrodes exhibited greater anodic current than electrodes printed
horizontally. The same observation was also made for outer-sphere redox species, where a
larger current peak was obtained through electrodes printed vertically. In addition, the peak-
to-peak separation was smaller in the vertical orientation. Thus, it was concluded that the
vertical orientation should be favored. The same study also investigated the layer thickness for
both orientation, where a thickness of 0.1 mm was superior to 0.4 mm for both inner and outer-
sphere redox species measurement. The electron transfer rate calculated by the Nicholson
method revealed that reducing the layer thickness resulted in significantly faster electron
transfer kinetics. Electrochemical impedance studies, which examined the internalized
structure of the electrodes, also confirmed that the vertical orientation had the greatest degree
of conductivity. The vertical orientation displayed better performance because it was parallel
to the electrical connection, and hence, when connecting to a potentiostat, the electrodes should
be printed in a parallel orientation to the connecting adapter in order to maximize performance.
For layer thickness, a lower value is favored as it minimizes the size of air voids, which form
during FDM, but their presence results in increased resistance. Moreover, smaller layer
thicknesses can ensure the conductive fillers are more compact, and thus ensuring a complete
conductive pathway throughout the print. Previous work has reported a drop of 97.4% in
conductivity between the filament and final 3D printed part (from 31,000 to 820 S/m).[5%1 Other
studies have also reported large decreases in conductivity when the filament was processed via
FDM, which was attributed to formation of voids, as well as a lack of sintering between layers.

A microporosity of 25-32 vol% was sufficient enough to produce the 97.4% decrease in the
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aforementioned study. Printing parameters such as the nozzle temperature, platform
temperature and printing speeds can used to improve layer sintering and minimize voids.[237:2%]

Evidently, there are multiple parameters to consider, but ultimately FDM is a feasible
AM technology for fabricating electrodes. For detecting glucose,?®! Adams et al. (2017)
demonstrated comparable performance to industry-standard screen-printed electrodes can be
attained. FDM was used to print all three electrodes using a PLA-graphene filament, with a
conductivity of 0.6 Qecm, onto a mylar substrate, which was subsequently dipped into an
enzymatic solution of glucose dehydrogenase flavin adenine dinucleotide (GDH-FAD). The
selection of GDH-FAD was a key component to achieving the industry-standard performance,
as it is twenty-five times more enzymatic than GOx, and possesses a higher accuracy for
glucose detection.

Besides replicating traditional electrode designs, the spatial resolution of FDM can be
exploited to produce original electrode designs. Foster et al. (2020) investigated FDM-
fabricated electrode, where they reported an increase in sensitivity to lead detection with a
macroporous electrode compared to a non-porous electrode;?®! due to the former’s larger
surface area (Figure 3 (C)). Commercial FDM printers can be purchased with dual-nozzle
functionality, which can be leveraged for a one-step process to print both the insulating and
conductive aspects of an electrode. The second nozzle can be used to print a simple casing to
insulate the conductive tracks, 2 but there has been recent interest in developing hybrid
electrochemical fluidic biosensors using FDM. These biosensors allow for more control over
fluid dynamics, which yields a number of advantages, including enhanced accuracy and
selectivity, portability, and real-time and high-throughput detection.[?*?! Katseli et al. (2019)
used FDM to develop an electrochemical cell for the simultaneous detection of both
paracetamol and caffeine (Figure 3 (D)). The limit of detection were 0.43 and 0.39 mg/L for

paracetamol and caffeine, respectively, which were in the range obtained by other
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electrochemical sensors fabricated through traditional means.?* The team estimated the cost
of one electrochemical cell to be $ 0.11, which demonstrates that FDM is an economically
viable approach to fabricating electrochemical cells. More recently, FDM was used to fabricate
electrochemical cells that coupled voltammetry with Raman spectroscopy, where both sensing
techniques offer complimentary information regarding the analyte.[?%2

Post-processing of additively manufactured electrodes has been widely adopted as a
strategy to enhance conductivity. Post-processing of FDM parts has been applied for other
applications, but here it can circumvent the issue of low solid loading of conductive fillers,
whilst leveraging the advantages of FDM. It can take the form of either subtractive or additive
post-processing. The former usually entails the removal of the non-conductive polymer matrix
to expose more of the conductive filler to the bioanalyte. The process can be achieved through
either mechanical polishing, thermal termination, electrochemical activation or laser ablation.
Electrochemical activation has been regularly employed as a subtractive post-processing
technique. Rocha et al. (2020) fabricated a Ni-G-PLA electrode, and found that a 36-fold
increase in anodic peak can be achieved using a combination of polymer saponification and
electrochemical activation in the presence of 0.5 mol/L sodium hydroxide.?*31 This was
verified using SEM micrographs that revealed the process partially removed the PLA, whilst
exposing Ni particles. In addition, electrochemical activation can be used with carbonaceous-
composited filaments to form reduced graphene oxide.[?*4l Marzo et al. (2020) studied the
effect of the activation time on PLA-G FDM electrodes, where the conductivity was found to
increase with increasing activation time, with a notable increase in the first 150 seconds.[2%]
The formation of reduced graphene oxide functionalized with O-C=0, C=0 and C-O was
confirmed by X-ray photoelectron spectroscopy (XPS). Hence, electrochemical activation has
a bimodal effect to enhancing conductivity, by degrading the non-conductive polymer and

functionalizing conductive fillers.
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Further to activation time, the activation potential and solvent are known to affect the
final conductivity.[?*! Santos et al. (2018) thoroughly investigated the physicochemical effects
of electrochemical activation on PLA-graphene FDM electrodes.?*”! The study investigated
activation using a single anodic activation voltage (1.8 V) and a range of cathodic potential
values (0 to -1.8 V). SEM imaging highlighted once again that a rough surface had formed
following activation due to polymer degradation, irrespective of activation voltage used
(Figure 3 (E)). Atomic force microscopy (AFM) confirmed that the overall roughness did
indeed increase at the microscale, but also illustrated homogenous and smooth surfaces at the
nanoscale compared to the as-printed electrode. Kelven probe force microscopy (KPFM)
imaging revealed an increase in surface electric potential from 0 to 0.7 V following activation,
with a more uniform electric distribution observed when using -1.8 V. To get a better
understanding of the change in surface electric potential, Raman spectroscopy was conducted.
Observing the D bands, indicative of structural defects, and G bands, it was observed that -1.8
V had a ratio Ip/lg of 0.825, which was notably higher than both the as-printed and anodic-
treated electrode. Hence, a cathodic potential of — 1.8 V resulted in an increase in the number
of defects, which was caused by increase fragmentation of the graphene sheets and presence of
large amounts of small size sp?> domains. For measuring dopamine, an increase in the number
of sp? domains facilitated the interaction between the electrode and the bioanalyte via -
stacking. It is worth remarking that the Ip/lc peak intensities did not show a linear increase
with increasing cathodic potential, which suggests that other defects occurring on other atomic
domains, such as sp®.

Ultimately, electrochemical activation results in a clean electrode surface, and the
process is reproducible, stable, and inexpensive.[?*424 Immersing the electrode in solvents has
also been reported to improve the sensitivity of AM electrodes, albeit the process required 10

minutes, which is more than double that of electrochemical activation.l?**1 SEM micrographs
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again confirmed that the conductive filler was superficially exposed following solvent
immersion. It is worth noting that the use of electrochemical activation is effective only where
the electrochemical analysis itself does not include an electrochemical pre-treatment step, such
as square wave voltammetry.[23!]

In contrast, additive post-processing involves the formation of conductive elements
onto the surface of the electrode. Such techniques include physical vapor deposition and
chemical deposition, but the most commonly used approach is electroplating. The rationale
behind electroplating is that the technique is straight word to implement, controllable, rapid
and cost-effective. The most significant finding was that by Vaneckova et al. (2020), who
reported conductivity comparable to both conventional metallic- and carbon-based electrodes
when electroplating copper onto PLA-Cu FDM prints.[?°] This is a noteworthy discovery as it
demonstrates the feasibility of AM-based electrodes: conductivity similar to traditional
electrodes can be attained, whilst retaining the advantages of AM (complex shape, rapid
prototyping, etc.). A low voltage of -6 V was used for electroplating, which was found to form
a non-porous structure, which is detrimental to achieving high conductivity. SEM imaging
revealed good coverage of Cu particles onto the electrode surface, and hence the purer Cu
surface enhanced both intrinsic kinetic barrier for the electron transfer, and increased total
active site surface area. The group repeated the same strategy for polylactide-carbon black
FDM prints, and reported faradaic peak separation values superior to that reported by any FDM
printed polylactide-based electrode thus far.® A separate group investigated the
electroplating of both Cu and Ni onto FDM electrodes, for the detection of glucose.[?? SEM
micrographs revealed electroplating to form good coverage of both Cu and Ni on the
electrode’s surface, with average particle size of 2.31 and 1.4 pm, respectively. Energy-
dispersive X-ray spectroscopy (EDX) detected the presence of either Cu/Ni, with both oxygen

and carbon peaks. A follow-up with XPS revealed that the Cu likely to have reacted with the
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oxygen to form copper oxide. The study did not mention whether the oxidation occurred during
the fabrication process, but if so it should be mitigated where possible as oxidation of Cu is
known to negatively impact its conductivity.[?>1 Furthermore, hydroxides of both Cu and Ni
were also detected using XPS, which is likely to be a byproduct of electroplating. For example
Cu(OH): is known to form in the presence of copper sulfate,”> which was used as the
electrolyte for the Cu-plated electrode. The presence of nickel hydroxide was desirable for this
study, as it was postulated by the authors that the oxygen atom from the hydroxide was able to
interact with the hydroxyl group of glucose, and thus promoted the dehydrogenation of glucose.
However, The Ni-plated electrode resulted in a narrow oxidation window, which was
unsuitable for the detection of glucose using cyclic voltammetry. The authors addressed this
issue by using the more sensitive technique of chronoamperometry to sense glucose.
Nonetheless, the finding of this study suggest that more work is needed to investigate the
parameters of electroplating to achieve optimal conductivity.

Other than metallic electroplating, electropolymerization can be applied where a
conductive polymer film is formed. In order for either electroplating or polymerization to work,
the 3D printed part will need to have a conductive surface. For a non-conductive printed part,
then other additive platforms, such as supersonic cluster beam deposition (SCBD) can be used.
Gebreyes et al. (2020) demonstrated that it was feasible to combine FDM with SCBD to
develop an electrochemical cell.?#1 There is also the possibility to explore other post-
processing approaches that are known to modify the surface area, and offer controlled pyrolysis
for carbonization of surfaces.[226:2%7]

Overall, FDM is a viable AM technology for researching electrodes. The technology
offers fast fabrication, tailorable designs and exhibits electrochemical properties comparable
to that fabricated using traditional techniques. Moreover, hybrid structures in a one-step

manner can be fabricated, which further expands their application. Within a research context,
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all these advantages are welcomed. Several strategies are being investigated, but the most
promising is the use of post-processing to enhance conductivity. Future work is needed to
explore the feasibility of incorporating a biorecognition layer, and how this layer would be
affected by different processing strategies. Recent work has shown that low temperature FDM
printing (< 100 °C) can be obtained, which will open the opportunity to incorporate aptamers,
and thereby improve electrode selectivity.[?552%1 |mproving the selectivity should be the focus

of near-future research using this AM technology.?>"]
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Figure 3. FDM-based electrodes. Parameters such as filler solid loading are critical to
achieving a working filament (A).[23!1 Subsequently, the printing orientation also influences
electrochemical performance (B).12*¢1 FDM can fabricate novel electrode design to improve
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performance (C)?Y and can also print electrochemical cells (D).[240241 If needed, post-
processing is incorporated to modify the surface of the electrode to enhance electrochemical
performance (E).2*"1 All figures were adapted and reproduced with permission from Elsevier,
B.V.

5.2 Direct Writing Extrusion Techniques

Direct writing techniques are extrusion-based AM technologies that include direct ink writing
(DIW), inkjet printing (1JP) and aerosol jet printing (AJP). They are also widely researched,
with their primary strength over other AM being their versatility to accommodate a wider range
of materials.[?>®25°1 For example, DIW has been used to fabricate polymeric, ceramic and
metallic scaffolds.l?5% Direct writing technologies deposit inks onto a platform, which are
either mechanically-, pneumatically- or thermally-actuated. These technologies do not
necessarily demand high temperatures for actuation, and hence are capable of accommodating
biological elements, including materials used for biorecognition layers. Another advantage
with these technologies is that a higher solid loading can be achieved in comparison to FDM,
since the viscosity of the polymer matrix is considerably lower. Hence a higher conductive

filler loading can be achieved to obtain higher conductivity.

5.2.1 Direct Ink Writing

Compared to traditional fabrication techniques, DIW, also referred to as robocasting, is faster,
cheaper and more customizable.?®* DIW, in contrast to FDM, is capable of printing inherently
conductive polymers without needing a secondary polymer. In addition, it has a higher
resolution than FDM, and can print electrodes with traces with a width of approx. 30 pum,
making DIW suitable for printing fine features.[?621 For example, electrodes small enough for
measuring glutamate concentration on mouse brain slices have been printed (Figure 4 (A)).
For producing fine features, the operating viscosity range is narrower than FDM, and generally
limited to nano-sized particles. The trace width is influenced by both the speed of writing and

pressure generated.[?6?]
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Yuk et al. (2020) recently demonstrated that a facile electrode can be fabricated, with a
comparatively high degree of flexibility and spatial resolution.’?®! The ink used was comprised
of PEDOT:PSS nanofibrils dissolved in dimethyl sulfoxide (DMSO), where the researchers
were able to establish an operating rheological window. Below this window the traces were
found to spread and lose their structural fidelity, which was counteracted by increasing the
concentration of the nanofibrils. However, the concentration of PEDOT:PSS was limited to 7
wt%, as any higher resulted in nozzle clogging. Small angle X-ray scattering revealed that the
distance between the PEDO-rich crystalline domain decreased with increasing PEDOT:PSS
nanofibrils, which led to an increase in interaction between adjacent nanofibrils. With this
operating window, a remarkably low resistivity of 6.5 x 10 Qecm was recorded, which was
obtained by using smaller nozzle diameter. It was reported that the increased shearing effect
improved the nanofibril alignment, which is an advantageous inherent property of extrusion-
based AM techniques as alignment of fibres, or fillers with a high aspect ratio, can improve
connectivity. The study further demonstrated the practicality of DIW for high-throughput
fabrication by printing over 100 circuit patterns onto polyethylene terephthalate substrate in
under 30 minutes, and with a high degree of reproducibility.

Dong et al. (2018) used DIW to fabricate a novel electrode design for the detection of
lactate.[2%%] The conductive material used therein was AgNPs, with a resistivity in the order of
10% Qecm. The ink printed onto a PET substrate, which was subsequently annealed at 100 °C
to improve the conductivity thereof. The WE was drop-casted with Nafion to exclude
interfering anionic species, such as ascorbate, from affecting the signal. This was achieved due
to Nafion’s negatively charged groups. Once the Nafion layer was allowed to dry, lactate
oxidase was deposited, which was immobilized by bovine serum albumin. The RE was
fabricated by chloridizing the AgNP-printed electrode in Clorox bleach for one minute,

whereas the CE was an unmodified Ag-NP-printed electrode. Hence, compared to the work
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performed by Adams et al., a more conductive electrode was fabricated with care given to the
stability of the RE.

DIW versatility is further highlighted by the possibility that it can print onto any
surface, including both planar and non-planar surfaces.l?641 Of particular interest are flexible
surfaces, which are gaining interest for wearable technologies. DIW-printed electrodes were
found to preserve their conductivity following 10,000 cycles of repeated bending tests (Figure
4 (C)).2% In fact, recent work reported that bending the DIW-printed electrodes can increase
the sensitivity for lactate, glutamate and glucose by under 10% (Figure 4 (B)). More research
is needed to see if greater increases in sensitivity can be achieved, which could consequently
lead to a new strategy of increasing sensitivity without, for example, needing to increase filler
content.?®!1 Regarding, post-processing of DIW-printed electrodes generally entails solvent
evaporation, but for improved electrochemical performance, electrochemical activation can

also be used.[?6%]
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Figure 4. DIW-based electrodes. (A) illustrates the fine traces produced, which are suitable
for measuring signals in mouse brain slices.[?%? (B) is the effect of bending on electrode
current.[M (C) highlights the need to determine the optimal rheological window to achieve
electrodes with suitable traces.?%! Figures were adapted and printed with permission from
Elsevier B.V., and Springer Nature.

5.2.2 Inkjet Printing

Inkjet printing has also been widely used in fabricating electrodes for amperometric systems.
Electrodes fabricated using 1JP have been demonstrated to produce better stability and
reproducibility when compared with conventional electrodes, in addition to being a rapid, user-
friendly and inexpensive fabrication technology.% Electrodes were also found to possess
greater sensitivity than that fabricated via thin-film deposition for detecting hydrogen peroxide,

due to the greater surface roughness of the electrode fabricated by 1JP.[?¢]
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IJP operates with viscosities in the order of < 100 mPa.s, which is notably smaller than
other extrusion-based AM technologies.l?’” For example, the ideal viscosity range for FDM is
in the order of 10% Pa.s, which is magnitudes greater than 1JP.[268.26% Further to viscosity, there
is also an operating window for ink surface tension, where below a given value the formulation
will prematurely leak, whereas above the operating window the droplets are expelled from the
cartridge. The particle size is another key determinant of printability, where it is advised to use
particles in the order of nanometers to prevent nozzle clogging. Typically, multiple layers are
deposited per one trace to improve conductivity and thus current response, whilst maintaining
thicknesses in the order of nanometers.[?’%2"11 The effect of IJP layers on electrochemical
performance was recently investigated using graphene ink.>’2l An electrochemical signal was
detected using two deposited layers, however, subsequent increases in layers was discovered
to increase both the peak and capacitive currents. This inferred that the real surface area and
overall porosity increased as more layers were deposited. As a function of layers, the current
increased linearly, until the tenth layer where thereafter the signal began to plateau. Ten layers
was selected for electrode fabrication as it exhibited the smallest peak-to-peak separation.

Other than graphene, IJP is used to fabricate electrodes made using either metallic
nanoparticles, which will subsequently need to be sintered to achieve a conductive path; as
well as conductive polymers. In addition, inherently conductive polymers can also be used.
Weng et al (2014) reported the inkjet printing of PPy-based biosensor for the detection of
glucose.?”®! The oxidizing agents, horseradish and glucose oxidase, were dispersed within the
PPy solution. Additionally, inkjet printing was used to print a permselective membrane
comprised of ethyl cellulose. The glucose detection range was found to be 1-5 mM.

Another appeal of IJP is that a one-step electrode can be employed to fabricate the
different layers depicted in Figure 5 (A) and (B), which can expedite the fabrication process.

As an example, Bihar et al. (2018) fabricated an all inkjet-printed disposable glucose sensor,
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using paper as the substrate.’?”# This encompassed the electrical components, including the
contact pads, using PEDOT:PSS with a conductivity of 250 S/cm; a UV-curable dielectric ink
as an insulating layer; a biorecognition layer comprised of GOX, ferrocene complex to facilitate
electron transfer; and a selective membrane using nafion. The ability to print selective
membranes such as nafion improves the selectivity of electrode. In this study that focused on
glucose, uric acid and glucose shared a similar anodic peak during cyclic voltammetry, where
nafion was able to reduce the peak by 84%. The study concluded by demonstrating it was
feasible to detect glucose in saliva within physiological values of interest.

Beyond replicating SPE-like electrodes, recent progress has gone into producing
flexible sensors using 1JP, with an interest toward wearable sensors.[?” Typically, the inks are
deposited on flexible substrates such as PET or paper, where depending on the substrate the
inks will exhibit different adhesion. Prior work revealed that different ink formulations used to
increase conductivity, primarily through preventing particle agglomeration, will decrease
adhesion strength.?”®! When factoring that the conductivity is negligibly affected following
long-term bending tests, 1JP presents an attractive AM technology for producing wearable

sensors. Examples of flexible electrodes are presented in Figure 5 (C) and (D).
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Figure 5. IJP-based electrodes. (A) and (B) demonstrate that multiple layers of the working
electrode can be fabricated via 1JP.[?702741 (C) showcases printed electrodes that can be
achieved,?"52781 whereas (D) provides electrochemical performance as a function of bending,
along with other parameters.[®® Figures were adapted and printed with permission from
Elsevier B.V., Springer Nature and American Chemical Society.

Similar to DIW, post-processing usually entails evaporating the solvents or sintering of
metallic nanoparticles. Graphene oxide inks can be further subjected to electrochemical
reduction to obtain reduced graphene oxides, which can be employed instead of thermal
reduction to avoid damage to substrates with low thermal stability. Here, the same conditions
reported for electrochemical activation are also determinants, such as reduction time and

voltage. For example, a recent study revealed that a 45% increase in electrochemical activity
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can be obtained when 1JP-printed graphene oxide traces are subsequently electrochemically
reduced.?”" The result was an electrode with a limit of detection of 1.6 ng/ml for HT-2 toxins
that is comparable to high performance liquid chromatography, which is a widely used standard
quantification method. Overall, the recent progress made in IJP-fabricated electrodes
demonstrate that the technology can exceed the current limitations of traditional fabrication

techniques.

5.2.3 Aerosol Jet Printing

Besides DIW and 1JP, AJP is also demonstrating promise for fabricating electrodes. Because
of high printing resolution, can process materials with higher viscosities and larger particle
sizes, which makes AJP an ideal technology for fabricating 3D structures. In addition, the
technology can produce sophisticated structures, which further expands the applications of
direct writing techniques.?”® For example, AJP can produce microelectrode array consisting
of PEDOT:PSS microneedles, with a diameter and height of 10 and 33 um, respectively.[?7]
As anticipated, additional additives are required to achieve a standing structure with this
technology, which included MWCNT for mechanical stability, and both (3-glycidyloxypropyl)
trimethosilane and carboxymethyl cellulose to ensure stability, which acted as an adhesion
promoter and emulsifier, respectively. The stability of the electrode was further verified under
aqueous solution, which is pivotal for the electrode to be suitable for electrochemical analysis.
The conductivity was measured as 323 S/m. The appeal of developing microneedle arrays
stems from the need to obtain live measurements. Microneedles are able to penetrate the skin
and access the interstitial fluid. Previous studies have reported good correlation between the
interstitial fluid and intravenous levels for bioanalytes of interest. Thus, the goal is to use
microneedles for minimally-invasive continuous monitoring. Apart from this, recent work has

demonstrated AJP can be used to detect glucose, cytokines, proteins, and histamine.[21:280-282]
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Electrodes with trace widths as low as 15 um can be achieved, and as expected, both the
printing speed and number of deposited layers affect the dimensions of the traces, and
consequently the electrochemical properties.l?®] These studies demonstrate that AJP is a
versatile AM technology, capable of achieving high resolution electrodes with complex
geometries. Overall, direct writing technologies provide promising electrodes with high
flexibility, scalability, variability and suitable for animal studies. These AM technologies are
capable of one-step printing both the conductive and biorecognition layers, and hence will
facilitate the electrode fabrication process. For electrode preparation that necessitates
annealing, future work should find a solution to accelerate the post-processing stage (e.g.
annealing) in order to realize the goal of on-demand printing, such as flash annealing that can
anneal in the order of milliseconds.[??428%1 and subsequently elucidate the effects of flash

annealing on the final electrochemical performance.

5.3 Vat Polymerization

SLA and DLP are also widely used AM techniques, owing to their compactness and low
instrument cost. Both technologies are capable of achieving resolutions greater than FDM and
SLM, which makes them ideal for fabricating microstructures.?®?! Both SLA and DLP belong
to a group of AM technologies collectively referred to as vat polymerization. There are slight
differences between SLA and DLP in their fabrication approach. Both use liquid resins to form
a solid 3D structure via light. At its simplest, the resin is comprised of photo-curable monomers
and a photoinitiator. When the resin is excited by light, the photoinitiators initiate the cross-
linking of the photo-curable monomers to form photopolymers. This process happens layer-
by-layer until the desired geometry is obtained. Following this, the object is removed from the

printer and is washed using a solvent to remove any uncured monomers. Thereafter the object
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is placed in a curing oven to impart more structural stability. SLA uses a laser that ‘writes’ the
shape of the object at each layer; whereas DLP projects the entire layer shape at once.[?7]

SLA and DLP have also been investigated as potential candidates for electrode
fabrication. Similar to FDM, the feedstock for SLA/DLP is non-conductive, and thus
conductive fillers are required. Polyethylene glycol diacrylate (PEGDA), a frequently used
photopolymer, was blended with PEDOT:PSS, where a resistivity of ~10 Ohmsscm!?%l was
obtained. MWCNT were also blended with PEGDA, albeit obtaining a higher resistivity of 2.5
x 10° Ohmsecm.!8 For fabricating electrodes, a utilized approach is to thermally post-process
the printed parts under inert gas, which results in a carbonaceous material. This can be done
using commercial resins, as performed by Rezaei et al. (2020) (Figure 6 (A)), or an in-house
formulation. Indeed, the concept is to obtain a conductive part whilst taking advantage of vat-
polymerizations remarkable resolution. However, this strategy does not appear to work for all
commercial resins, with some printed parts collapsing following pyrolysis. 2°% Fundamentally,
it depends on the chemical composition of the starting resin. As expected, pyrolysis will induce
both mass loss and linear shrinkage, which can be as high as 95% and 60%, respectively, and
will depend on both the pyrolysis temperature and heating rate. BET analysis revealed that
faster heating rates produce a greater number of micropores, possibly due to less time for
degassing. Thus, to facilitate degassing, and by extension obtain a free-standing structure,
incorporating open and connected pores in the original design is recommended. Additionally,
faster heating rate also produces a rougher surface, which consequently improves the
electrochemical properties of the electrode.

SLA can also be used to fabricate microneedle arrays using the pyrolysis strategy
(Figure 6 (B) & (C)). One major concern with photopolymers is their toxicity, and hence a
microneedle fabricated using photopolymers will not be a viable approach until these

biocompatibility obstacles are addressed.
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Figure 6. Vat-polymerization electrodes require pyrolysis to impart conductivity whilst
maintaining biocompatibility. (A) depicts the change in SLA prints of commercial resin
following pyrolysis.[?°! (B) demonstrates that microneedle structures are feasible with this
strategy, whereas (C) are SEM micrographs illustrating the shrinkage of the microneedles
with increasing pyrolysis temperature.[?°22921 2PP has also been used to develop both (D)
conductive elements and (E) microneedle with an inlet port for extracting interstitial
fluid.[2%%2%] Figures were adapted and printed with permission from Elsevier B.V., John
Wiley and Sons, American Vacuum Society, and IEEE.

On the other hand, carbon-based microneedles are a biocompatible alternative that can
produced from pyrolyzing SLA prints. Prior work successfully fabricated microneedles with a
height of 1.5 mm and an exposure tip of 20 pm.?°Y Compared to commercial Pt
microelectrodes, the carbonaceous microneedles possessed a lower impedance, and during in
vivo measurements, resulted in a higher signal-to-noise ratio of 50.73, compared to 20.15 for

the Pt microelectrode.

45



The pyrolysis step is not always straightforward, and can result in microneedles with distorted
shapes if processing measures are not implemented. For example, the polymer can soften
during pyrolysis, which will cause the microneedles to lose their shape fidelity. Another issue
is the accumulation of carbon into concentrated areas on the microneedle, which when
excessive will prevent the gas from escaping. These issues can be resolved by (i) pre-heating
the polymer to its glass transition temperature, which prevented it from softening; and (ii)
positioning the 3D print in such a manner that it prevents undesirable carbon accumulation. In
a recent study, the prints were inverted inside of the furnace, which was found to limit gas
evolution. Other processing conditions will need to be factored if a multi-material design is to
be pyrolysed, as different materials shrink at different rates, as well as consideration to the
volatiles produced and if they will unwantedly react with the carbonaceous structure.?°? What
is also lacking is mechanical testing of the pyrolyzed structures, and whether they have
sufficient mechanical strength to penetrate human skin. Moreover, further analyses will need
to confirm electrochemical stability over prolonged measurement periods.

Besides SLA and DLP, a cutting-edge technology in vat polymerization called two-
photon polymerization (2PP) has also been used to fabricate free-standing conical and spherical
carbon electrode using the printing-pyrolysis strategy (Figure 6 (D)).2%31 2PP is also capable
of printing microneedles with a feature size of 0.5 um-can-be-attaired,>*! which is challenging
for either SLA/DLP and AJP. For instance, previous work devised a microneedle with a pore
that served as an inlet into a microfluidic chip (Figure 6 (E)).[?° The aim was to use the device
to sample multiple biomarkers within interstitial fluid, where the microneedle was used to
penetrate the skin, and subsequently extract the desired fluid. The microfluidic device itself
consisted of eight working electrodes, where a manifold was used to regulate fluid flow. The
study itself was a proof-of-concept that resembles the Freestyle Libre glucose sensor that is

commercially available, but more work is needed to validate the novel design, including
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interference studies. The drawbacks of 2PP is that the instrument itself demands comparatively
high capital costs, and that although sub-micron resolutions can be obtained, this is at the
expense of speed. Until both obstacles are addressed, it limits the technology from being used

for on-demand clinical applications.

5.4 Selective Laser Sintering and Melting

SLS and SLM are another group of AM technology that have been used to fabricate electrodes.
Both technologies can fabricate polymeric, ceramic and metallic structures.?°6-21 They both
use lasers to weld particulate matter into a monolithic structure; upon receiving the sliced
image, the powder bed is scanned and processed on the pre-designed CAD model. Once the
laser has scanned the first layer, a fresh layer of powder is placed, and the processes is repeated
again, until the 3D structure is obtained. The difference between SLM and SLS is that melting
of the powder is achieved in the former, and sintering is needed for the latter. Sintering is a
welding process achieved without complete melting of the material. This is achieved by atoms
from neighboring particles diffusing across and weld the particles together. Both techniques
have a post-processing step entails removing unsintered or un-melted powder. These methods
offer a range of advantages including near-net shape production, lower production times and
complex shape designs.*%% The resolution of SLS/SLM are approx. 10 — 100 um, depending
on factors such as laser spot size, writing speed, and particle size.[301.302]

SLM and SLS have been demonstrated to produce electrodes that, albeit not applied as
electrochemical biosensors, validate their potential. Serkov et al. (2019) used SLS to form tin-
doped indium oxide thin films on a PET substrate.[**®! Their approach precluded the need for
high temperature sintering that would otherwise damage PET. Zacharatos et al. (2018) used
SLS for the fabrication of AgNPs onto a polyethylene napthalate substrate, which exhibited a

glass transition and melting temperature of 121 and 269 °C, respectively.% The study sought-
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out to examine the effect of laser sintering parameters on the conductivity of the composite,
and reported resistivity as low as 9.44 £+ 0.5 uQecm. Delamination studies further revealed the
sintered AgNPs were sufficiently adhered onto the PEN substrate. It is worth remarking that
the costings of this novel approach are yet to be determined. Kwon et al. (2016) demonstrated
that selective laser sintering can be used to fabricate CuNPs onto a polymer substrate, thereby
fabricating a conductive, flexible material, and therewithal transparent.*! The approach
demonstrated that Cu, which is susceptible to oxidation, can be sintered with remarkable
oxidation suppression condition, rapidly, and low annealing temperatures. The applications for
SLM have focused in demonstrating the technology can achieve complex electrode designs. %!
In particular, metallic helical electrodes for detecting paracetamol, dopamine,*%”1 nerve
agents,*%®1 ascorbic and uric acid.’?® In the latter study, SLM-printed electrodes were found
to possess high accuracy, and had a superior performance compared to a standard 3 mm glassy
carbon electrode.

In addition to their excellent electrochemical performance, both SLS and SLM produce
prints with good surface finish, high mechanical stability and can achieve high throughput
printing. However, a good surface finish is not always desirable since rough surfaces are able
to facilitate the binding of bioanalytes. Moreover, both technologies consume large amounts
of powder, that if oxidized will need to be disposed of. Both metal SLS and SLM printing is
targeted at large-sized objects, up to the order of meters, and hence the instruments occupy a
large laboratory footprint compared to AM technologies. Moreover, the cost of a machine is
more expensive than other AM technologies. Hence, it is unlikely that SLS and SLM are

suitable for on-demand printing in clinical settings.
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5.5 Auxiliary Components

AM has multiple benefits when printing sensors in addition to printing conductive electrodes.
Applications include simple use of printing for potentiostat casings, where bespoke designs
can be made to minimize component volume and weight.%! Fluidic chambers were also
developed to facilitate sensing capabilities or rapidly prototype mimicked continuous flow
chambers.[310-3201 These can be cheaply printed and on-demand, rather than purchasing them in
bulks, which collectively minimizes costs. Another example was illustrated where AM was
involved in developing a cheaper alternative to the costly reference electrodes.?%
Forward-looking applications consider the potential integration of biosensors with
wearable technologies, where AM was used to develop personalized casings.[??232% |t is worth
remarking that personalized wearables, particularly form-fitting, may play a crucial part in
improving patient acceptance and compliance. In a different demonstration for smart devices,
Bandodkar et al. (2018) developed an innovative integrated smartphone platform for detecting
glucose, leveraging the fact that smartphones are ubiquitously used across society.*?l The
phone case was 3D printed, but more notably, so was a stylus for housing enzyme pellets,
which were deposited onto unfunctionalized electrodes when needed. The rationale for the
latter was to preserve enzyme function when not required (i.e. when not actively measuring
glucose), and thereby extending the longevity of the biorecognition element by mitigating
enzyme leaching and degradation. Other studies have also developed smartphone adapters for
portable sensors.[3253%1 These examples demonstrate AM practicality to circumvent design
bottlenecks, with the potential to holistically fabricate all aspects of the biosensor. Auxiliary

components fabricated are portrayed in Figure 7.
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Figure 7. Auxiliary components fabricated by AM. Auxiliary components range from
fabricating laboratory-grade components to facilitate analysis (A), to wearable technologies
(B) & (C) fitted to consumers’ needs.[310:311.321-324.327] Eigyres were adapted and printed with
permission from Elsevier B.V., MDPI, American Chemical Society, and AAAS Publication.

5.6 Additive Manufacturable Circuit Boards

Remarkably AM has also been used to fabricate a circuit board. An all-printed circuit and
electrode were fashioned using AJP, which was lightweight (<5 g) and thin (< 2 mm) enough
for wearable applications (Figure 8 (A)).%8] The circuit board, printed using a combination of
polyimide and silver for the insulating and conductive elements, respectively, showed good

mechanical compliance to various flexible applications. The Ag traces were phototonically
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sintered at 2 kV/ 2 ms for five times, for rapid sintering. Functionalized graphene was
subsequently printed on silver traces to act as an oxidative barrier, and prevent the solder from
consuming the silver (Figure 8 (A)). Furthermore, SEM micrographs illustrated the uniformity
of the layer-by-layer structure, and thereby confirming the capability of AJP to enable reliable
deposition of multiple materials sequentially. The electronic components were soldered onto
the device, including a wireless circuit for external communication. The electrode was
fabricated using functionalized graphene, and—t—tee which also displayed mechanical
compliance to various flexing motions. The circuit and electrode were used for
electromyogram analysis, and one envisages that all-printed circuit and electrode via AJP can
be made for wearable electrochemical biosensors.

Mechanically-actuated DIW has also been used to print circuit boards (Figure 8
(B)).12631 Again, the AM technology was used to print both the electrodes and printed circuit
board, which were fabricated with a highly viscous AgNP ink. The aim was to detect lactate,
which was achieved with a detection region of 0-20 mM. Another technique that has been
demonstrated to print electrochemical devices is fiber encapsulation additive manufacturing
(FEAM).B2%1 However, the technology is yet to be applied as a biosensor due to its high cost

and complexity.[3
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Figure 8. AM for fabricating circuit boards using (A) AJP and (B) DIW.[2%3328] |n hoth
examples, AM was used to print the conductive tracks on the printed circuit board and the
electrodes. Figures were adapted and printed with permission from IEEE, and Springer
Nature.

6 Prospect and Future Direction of AM electrodes

In this progress report, several AM techniques, their strategies, and the different conductive
materials were reviewed. The field is still in its infancy, yet significant developments have
already been made, including the fabrication of electrodes with either comparable or superior
electrochemical performances to that of traditional electrodes. It is also evident that as the wider
biosensor field is transitioning toward wearables, techniques such as AJP are maintaining

similar progress to that of traditional fabrication methods. However, AM techniques have with
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the added benefits of producing low-cost electrodes, fast throughput and multi-material
fabrication, which is a step toward automating electrode design. Equally important innovations
are studies that have demonstrated the fabrication of both a circuit board and electrode from
the same technology, which has seldom been achieved with traditional techniques. As the field
matures, one envisages that further advancements will be made to improve the performances
of AM-based electrodes.

The primary focus of the field has centered on printing conductive electrodes, which
has been achieved by all techniques described in this review. It is clear from the highlights
made in Section 3 that emerging materials are yet to be investigated. For example, the majority
of FDM conductive filaments either use metallic or carbonaceous fillers, and hence more work
should be devoted toward exploring quantum dots or MXene to determine their electrochemical
properties when processed via FDM. Furthermore, there will be a reliance in new materials
discovered (carbon ceramic electrodes)®! to further improve sensing performance. One
aspect that has not been thoroughly explored is the printing of biorecognition elements, where
most research remains reliant on drop-casting. For example, SLA has been used to immobilize
enzymes, which remained active following the fabrication process.3? Exploiting the spatial
resolution of SLA can be used to produce honeycomb structures to further maximize surface
area, and consequently enzyme activity. Moreover, MIP are widely used to enhance electrode
selectivity, yet AM-based MIP are underutilized. As mentioned, AM can be used to produce
complex structures with large surface area to further improve selectivity, and in a controllable
manner. Furthermore, long-term biocompatibility studies will need to be performed to ensure
that AM-electrodes are suitable for long-term applications, such as in the case of microneedles
for continuous monitoring.

From the progress made thus far, it is clear that most of the studies employed some

form of post-processing. Some of the more involved processes, such as those needing a furnace
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for pyrolysis, could limit the potential of some AM technologies from being utilized on-site.
Hence, consideration should be given as to how the overall process can be streamlined to
achieve on-demand production. There are other AM technologies that are yet to be explored
that could lead to new innovations. An example of this is microscale-SLS, with sub 5 pum
resolution, rapid throughput of over 60 mm?®h, and can print Ag nanoparticles with
conductivity in the same magnitude as bulk silver.2°* Another recent innovation is AM for 3D
nano-architected metals, which has the potential to fabricate conductive parts without
sacrificing nano-scale features. As mentioned, sintering of nanoparticles results in loss of nano
features, which consequently reduces the electron transfer and redox mediating properties.!
Nonetheless, some of the existing technologies reported herein, such as DIW and AJP, have
shown great prospect to address many of the limitations observed by traditional fabrication

techniques.

7 Conclusion

In an era where affordable healthcare and precision medicine are desired, the choice of material
and fabrication technology will underpin the achievements of such goals. Fortunately, there is
an abundance of materials to select from, including conductive polymers, metals and
carbonaceous materials. As discussed herein, compositing materials offer a strategic approach
to imparting conductivity to materials that are fabrication friendly but lack conductivity. AM
opens the opportunity of attaining a rapid point-of-care diagnostic tool. Despite the technology
being in its infancy, AM has demonstrated that cost-effective and complex designs can be
attained, with electrochemical performances that exceed traditionally-fabricated electrodes. In
addition, recent progress has demonstrated that AM can be used to print multiple aspects of EC
biosensors, including functioning circuit boards. The current progress has demonstrated that
AM provides several advantages for developing electrodes for research purposes, and further

advancements are needed to determine suitability for clinical applications.
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