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Abstract

The drive toward device miniaturisation in the field of enzyme-based
bioelectronics established a need for multi-dimensional geometrically structured and
highly effective microelectrodes, which are difficult to implement and manufacture in
devices such as biofuel cells and sensors. Additive manufacturing coupled with
electroless metal plating enables the production of three-dimensional (3D) conductive
microarchitectures with high surface area for potential applications in such devices.
However, interfacial delamination between the metal layer and the polymer structure
is @ major reliability concern, which results in device performance degradation and

eventually device failure.

This thesis demonstrates a method to produce a highly conductive and robust
metal layer on a 3D printed polymer microstructure with strong adhesion by
introducing an interfacial adhesion layer. Prior to 3D printing, multifunctional acrylate
monomers with alkoxysilane (-Si-(OCHs)s) were synthesised via the Thiol-Michael
addition reaction between pentaerythritol tetraacrylate (PETA) and 3-
mercaptopropyltrimethoxysilane (MPTMS) with a 1:1 stoichiometric ratio.
Alkoxysilane functionality remains intact during photopolymerisation in a projection
micro-stereolithography (PuUSLA) system and is utilised for the sol-gel reaction with
MPTMS post-functionalisation of the 3D printed microstructure to build an interfacial
adhesion layer. This functionalisation leads to the implementation of abundant thiol
functional groups on the surface of the 3D printed microstructure, which can act as a

strong binding site for gold during electroless plating to improve interfacial adhesion.
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The 3D conductive microelectrode prepared by this technique exhibited excellent
conductivity of 2.2x107 S/m (53% of bulk gold) with strong adhesion between a gold
layer and a polymer structure even after harsh sonication and adhesion tape test,
which offers potential to build a robust 3D conductive microarchitecture for

applications such as biosensors and biofuel cells.

As a proof-of-concept, the microelectrode with gold-coated complex lattice
geometry was employed as an enzymatic glucose anode, which showed a significant
increase in the current output compared to the one in the simple cube form. As the
first approach, glucose oxidase was used as an enzyme. To find the optimal protocol
for the enzyme immobilisation, the enzyme was first immobilised on agarose to
achieve the enzyme’s highest activity and stability. Then, this immobilisation protocol
was applied to immobilise the enzyme on the gold electrode surface. Preliminary
studies on the preparation of 3D gold diamond lattice microelectrode modified with
cysteamine and glucose oxidase as a bioanode for single cell enzymatic biofuel cell
(EFC) application were performed, which demonstrated high current density of 0.38

HA cm™ at 0.35 V in glucose solutions.

This method for fabrication of 3D conductive microelectrodes offers potential
for several biological applications. Instead of using a thiol, the surface of the 3D-
printed part can be functionalised with different other functional groups to create an
appropriate surface for biomolecules and cell adhesion. Furthermore, the surface of

thiol functionalised printed parts can be perfect for additional metal coatings, opening
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the door to the creation of highly efficient and customised implantable energy

harvesters and biosensors.
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1. Introduction

1.1. Motivation
Artificial cardiac pacemakers rescue lives and increase the quality of life. 1.25

Million permanent pacemakers are implanted globally each year, making pacemakers
the most prevalent active implantable medical device.! Nevertheless, due to the low
capacity of the implant's battery, their frequent replacement is required. Moreover,
the associated surgery is often painful and causes stress to the patients. Enzymatic
biofuel cells (EFCs) have been considered a possible solution to this problem since they
can generate complementary electrical energy directly from the human body with the
advantage of long-life performance and high electrical efficiency. Moreover, EFCs can
contribute to developing implantable electronic medical devices, such as artificial
organs that require large amounts of energy to function. The system can aid millions
of patients worldwide suffering from serious diseases such as bradycardia, fibrillation,

or diabetes.?3

Typical fuel cell electrocatalysts operate between 45 and 150 °C and are made
of conductive metal. These catalysts are stable and work well in acidic or basic
environments. Nevertheless, they have problems with passivation and need simple
fuels with high purity, like hydrogen and methanol. On the other hand, biocatalysts
(enzymes) can eat and break down complex fuels (such as sucrose, fructose, etc.), and
fuel blends and their catalysts do not have the same problems. Because of this, the
field of enzymatic biofuel cells has evolved significantly in the last 30 years. It enables
them to be used in places where traditional metal nanoparticle electrocatalysts
cannot be used, such as in implantable fuel cells and biosensors. An enzyme-based
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biofuel cell (EFC) is a fuel cell that uses enzymes as electrocatalysts to speed up fuel
oxidation and/or the reduction of oxygen or peroxide. This turns chemical energy, like
glucose, into electricity. The EFCs that use immobilised enzyme on the electrode
provide a membrane-free arrangement of EFCs, opening the door for the
development of electrochemical biosensors that can function without a power source

and tiny power supply systems for implantable electronic devices.

1.2. Challenges with current enzymatic biofuel cells
Miniature membrane-less EFCs are anticipated to be used in implantable

medical devices such as insulin pumps, hearing aids, bone stimulators, and
pacemakers in the future. They may also be used as self-powered biosensors that can
determine the concentration of an analyte while also supplying themselves with
energy. Various compounds that cause heart disease, cancer, and blood sugar could
be measured using implanted self-powered biosensors. EFCs must meet certain
requirements to be used for these purposes, including being portable and lightweight,
operating at body temperature, pH, and salt concentration, as well as producing
adequate energy and maintaining good operational stability. Therefore, creating high-
performance EFCs is still necessary due to inadequate power output, voltage output,
and operational stability. These three technological challenges must be overcome to

get the reliable EFCs:

1. The EFCs should have an optimum 3D structure. The smaller pores on the three-
dimensional bioanode should provide enough surface area for the reaction that

generates current, whilst the bigger pores often enable better mass movement.
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2. Most EFCs have a much shorter lifetime than conventional lithium-ion batteries
for powering pacemakers. It is therefore important that the enzyme is effectively
stabilised on the electrode, so that the EFCs' lifetime can increase, reducing the
need to replace them frequently.

3. The anode must support an effective electron transfer method, whether it be
mediated or direct electron transfer. Therefore, understanding the relationship
between porosity for fuel delivery, surface area for optimum enzyme loading, and

electrical conductivity for lowering ohmic losses is crucial.

1.3. Current state of the art
Over the past decade, the performance of EFCs has substantially increased due

to the use of various nanomaterials such as carbon nanotubes (CNTs), graphene oxide
(GO), noble metal nanoparticles, and conjugated polymers. These materials often
have a large surface area, acceptable electrical conductivity, and biocompatibility.
Their application boosts electrical signal generation and electron transfer efficiency
and often offers a stable matrix for enzyme immobilisation. Nanomaterials' high
surface area enables them to increase enzyme loading, enhancing the stability and
activity of immobilised enzymes and boosting EFCs' efficiency. However, the main
issue with the nanomaterials-based EFCs is the mass transport, which primarily affects
the efficiency of the EFCs. Additionally, compared to bulk metal electrodes used in
typical applications, electrodes built from nanomaterials have low conductivity due to
the discreet nanoparticle formation inside the electrode. This poor conductivity will

eventually cause a reduction in the electron transfer between the enzyme and
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electrode. Even if the electron transfers to the nanomaterial-based electrode, it loses
much energy while transferring from the electrode to the current collector. Therefore,
comprehensive studies are required to enhance the catalytic surface area of the
electrode, increase the mass transport within the electrode, enzyme immobilisation
on the electrode, increase the lifetime of the immobilised enzyme and enhance the
electron transfer between enzymes and electrode. Conducting a thorough study to
adjust the conductivity and form of the electrode may be able to tackle this problem
by improving the flowability of the fuel with the enzymatic electrode and the electron

transfer.

1.4. Scope of research
Although significant progress has been made to improve the performance of the

EFCs (electrode modification with carbon nanotubes,* mesoporous materials,”
nanoparticles,® conductive polymers,” or enzyme engineering &), more developments
in EFCs’ power density, stability, and miniaturisation are required, especially when
considering their use for powering implantable medical devices. The smaller the
biofuel cells involved; the lower amounts of available active electrode materials will

lessen the total power density. The key to addressing the challenges is to focus on

three main aspects of the EFCs:
1. Additive manufacturing of 3D microelectrode:

The high porosity of the electrode is required to accommodate more enzymes
and provide a higher catalytic surface area. However, the excess small pores within

the material create a barrier that slows down the movement of gases and liquids,
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making it difficult for fuel to pass through.. Therefore, careful investigation is required
to optimise the pore size and geometry of the electrode. Optimising the EFC geometry
can be challenging because of the limitation of the conventional manufacturing
techniques in fabricating complex structures. Additive manufacturing (AM) allows the
fabrication of complex 3D geometry with control of porosity and surface area. In
particular, the Vat-photopolymerisation technique can be beneficial as it can fabricate
micro-sized 3D architectures with high surface area. It can offer opportunities to
maximise power density and reduce the mass transport distances between the
electrodes.’ In this study, functional monomers were synthesised for 3D printing and
successful metal deposition. Ink formulation and printing process were optimised to

achieve the highest resolution of the printed structures.

2. Improve the conductivity of the electrode:

Two-photon polymerisation is a nanoscale vat photopolymerisation technique with a
resolution of about 100 nm.'%!! Despite the submicrometer printing accuracy, the
challenge in the production of highly conductive 3D-microelectrodes still exists. To
address the issue of low conductivity, alternative two-step methods for coating the
VP printed polymer with metal have been investigated; however, due to poor surface
adhesion, the conductivity is significantly lower than that of their bulk counterpart,
and the deposited metal have been shown to peel from the substrate. To solve this
problem, | have undertaken research on the printing of 3D-polymeric microstructures
that can be post-functionalised and gold-coated effectively. To achieve this, the

impact of surface functionalisation on coating adhesion and conductivity has been
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thoroughly studied. This strategy may make it possible to connect other metals via
increased surface functionalisation for several applications, including as

microelectronics and catalysts.
3. Optimise the enzyme immobilisation.

The enzyme's immobilisation is a critical part of the EFC's efficiency. Proper
enzyme immobilisation can increase enzyme activity, stability, and electron transfer
between the electrode and the enzyme. Therefore, the effects of immobilisation
procedures on the stability of the immobilised enzyme have been thoroughly
examined. As a proof of concept, glucose was immobilised on the gold electrode using
the optimised enzyme immobilisation procedure for application in enzymatic biofuel
cells. This strategy can enable AM to improve the EFC's effectiveness and customise

them according to the implantation.

1.5. Aim and objectives
This research aims to create 3D miniaturised bio-anodes with various geometry

to enhance the current output of EFCs. This work can be broken down into three main

tasks with their respective objectives:

e Preparation of highly conductive 3D electrodes
o Design suitable 3D structures
o Fabricate 3D polymeric structures using PUSLA
o Functionalise and characterise the surface of 3D printed polymeric

structures with thiol groups
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o Optimise the electroless plating process on the surface of the 3D
polymeric structures to achieve high conductivity
o Characterise conductive surfaces
e Immobilisation and characterisation of the enzyme on the electrode surface in
an optimal form
o Functionalise the surface of the gold 3D microstructure
o Immobilise the enzyme on the surface of the gold 3D microstructure
o Characterise the enzyme attachment and stability
e Demonstration of bio-anode
o Integrate electrodes within the testing device
o Test catalytic properties of immobilised enzymes

o Measure the current density of the bio-anode
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1.6. Research novelty and contribution to existing

knowledge
To create an enzymatic biofuel cell, in the first step, the enzymes should be

immobilised on the current collector to transfer the electron from enzyme to external
circuit. To improve the amount of immobilised enzyme and the power density of the
EFC, most scientists have employed conductive nanomaterials as a current collector
as the nanomaterials provide high surface area per volume ratio. However, these
nanomaterials have some issues such as less efficient mass transport, lower
conductivity, and poor biocompatibility. These problems can be resolved by effective
use of AM in creating of the EFCs as it can provide design freedom to control the size
and shape of the pores and create parts with a large surface area. The vat-
photopolymerisation method can produce precise 3D printed geometries with
submicrometric resolution, which is great for creating microstructured current
collectors with high surface areas. VP-based 3D printers can be divided into two main
categories of UV-based and 2PP. The UV-based stereolithography methods can
produce bigger components with a few micrometre precision, while two-photon
photopolymerisation (2PP) can print parts from the nanoscale to few millimetres.
However, this technique is not known for printing conductive materials. There have
been attempts to increase the conductivity of the polymer matrix by adding
conductive nanoparticles as a filler; however, this method produces printed parts with
poor mechanical properties, low resolution, and limited conductivity. Considerable
work has been done to prepare the surface of 3D printed polymers for coating, but,

the problem of poor metal adherence and low conductivity still exists, making it
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difficult to employ these materials as trustworthy microelectrodes. It has been shown
that the silanisation of the substrate is a facile way to create the appropriate surface
for metal deposition in order to create a strong chemical interaction between the
polymer and the deposited metal. However, following knowledge gaps is still exists:
First of all, there is no literature on the impact of silanisation on the conductivity and
adhesion of metal coatings on 3D-printed parts. Second, no studies have been
conducted on designing three-dimensional printable micro-EFCs and examining how
the geometry influences their current production. This PhD research has investigated
an optimal reaction condition to silanise the surface of the 3D printed microstructure,

to enhance the adhesion and conductivity of the deposited metal.

For use in an EFC, the enzyme must be immobilised on the 3D printed electrode.
An electrode cannot be used effectively in an EFC unless enzyme immobilisation is
tuned for the enzyme stability and performance. So that, it is advised to test the
enzyme immobilisation in Agarose. Various activation protocols can be used to
investigate the effects of immobilisation on this support, and the protocol can then be
extrapolated to the 3D-printed gold electrode. Afterwards, the electrode can be
turned into a bioanode and evaluated using cyclic voltammetry to compare it with

standard flat electrode.

1.7. Thesis structure
Chapter 2: The section of "Literature review" offers a detailed analysis of the

relevant literature for this topic. Enzymatic biofuel cells are discussed in the context

of their background and short history. The methods used to increase the effectiveness
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of enzymatic biofuel cells are reviewed after it. The evolution of printing
microelectrodes using seven distinct AM processes is explained. More attention was
paid to the vat-photopolymerisation approach in both direct and indirect printing of
electronics. Several polymer surface functionalisation techniques and various metal
coating methods have been explained. Then, the effect of the enzyme immobilisation
strategy on the effectiveness of the EFC was addressed. The knowledge gaps in the

literature are finally summarised.

Chapter 3: “Research Methodology” section explains the research methodology,
which includes materials, equipment, methods, and characterisation techniques

employed in this study.

Chapter 4 describes the optimisation of Inks formulation and 3D-printing of
functional polymers using PUSLA technique. Furthermore, the effect of ink additives

on printability is investigated.

Chapter 5: The methodology of surface modification of printed microstructures
and gold-coating being explained in the “Surface functionalisation and electroless gold
plating” section. The methods for surface characterisation used to investigate the
impact of surface functionalisation on the conductivity and adhesion of gold layer

deposited on 3D printed polymer structure are thoroughly explained in this chapter.

Chapter 6: To obtain the highest enzyme activity and stability on the 3D-printed
gold electrode, "Enzyme immobilisation" section covers the technique utilised to

optimise the enzyme immobilisation. The process used to create and characterise the
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bioanode is described in "Electrocatalytic characterisation of EFC". Additive
manufacturing of bioelectrodes with different geometries is demonstrated This
chapter describes the effects of three distinct bioanode geometries on their power

output.

Chapter 7: The thesis “Discussion” part delves into the research's significance,
draws comparisons to related literature, and emphasises the research significant

contribution.

Chapter 8: The section titled "Conclusion and recommendation for future work"
summarises the thesis' key results, explains how the objectives were met, and what

can be done in future work to exploit this research further.
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CHAPTER 2

2. Literature review

2.1. Enzymatic biofuel cells
Due to its remarkable efficiency in converting chemical energy to electricity

without pollution, fuel cells are considered the source of future energy.??!3 Fuel cells
and batteries have similar physical architecture, where electrical energy is created via
electrochemical reactions between fuel and oxidant. lons are moved in the electrolyte
by an anode and a cathode in both cases along with the field line. However, the main
difference between fuel cells and batteries is the source of energy. Batteries are self-
contained and use stored energy from chemical reactions, while fuel cells use an
external source of fuel and oxygen to generate electricity. In contrast to batteries, fuel
cells can provide electricity if fuel is available. At the anode, oxidised fuel (primarily
hydrogen) creates electrons and protons. Electrons create a current in an external
circuit. A cathodic reduction occurs when oxygen travels to the cathode and combines
with produced hydrogen ions to form water. This technique produces high current
densities with the appropriate catalysts. Enzymatic biofuel cells (EFCs) employ
enzymes as electrocatalysts to increase fuel oxidation and/or oxygen or peroxide

reduction. EFCs are more sophisticated than ordinary fuel cells Fig. 1.
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Fig. 1 Working principle of EFCs.!? In these cells, the fuel, such as glucose or
ethanol, is oxidized at the anode by the enzyme, releasing electrons and protons.
Electrons flow through an external circuit, generating electrical current. The
protons combine with oxygen at the cathode, producing water as a byproduct.

The most promising advantage of biocatalysts is those that effectively catalyse
specific reactions under moderate circumstances and create reaction products that
are typically acceptable to the host organism. All these features make the enzymes
attractive for fuel cells . EFCs generate energy by oxidising fuel at an enzyme-
immobilised bio-anode, which delivers electrons to external circuits. At the bio-
cathode, four-electron oxygen reduction produces water (Fig. 1). This reaction

produces two molecules of water, as well as energy in the form of electricity:

Glucose oxidation reaction at the anode: Glucose + O, = Gluconolactone + H* + e

Oxygen reduction reaction at the cathode: O, + 4 H* + 4e” =» 2 H,0

2.2 EFCs background
The first microbial biofuel cell in 1931, by discovering the possibility of

generating electricity by cultivating the bacteria.’®'” Then this technology attract the

attention of scientist from NASA, aiming to produce electricity from human waste in
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space crafts. Yahiro et al.’® (1964) were the first group to discover the idea of EFCs by
reporting the ability of enzyme to catalyse the reaction of fuel cells in the presence of
mediator. A decade later, Berezin et al.»® (1978) made a significant contribution to the
preparation of biocompatible EFCs by inventing the concept of direct electron transfer
(DET). The DET-based bio-electrocatalysis does not require toxic mediators and can
directly transfer the electron from the enzyme to the electrode.?®?2 This method
allows for miniaturisation, biocompatibility, and easy production of EFCs. Low power
density and limited lifespan were disadvantages of early DET-based EFCs. In the past
two decades, several researchers have optimised the electrode material, enzyme
immobilisation process, and enzyme efficiency to enhance the power density
and employ EFCs as an implantable power source. Heller et al.?® implanted the first
EFCs in 2003, proving their viability. They obtained a power density of 2.4 pyW/mm? by
developing their miniature (7 um x 2 cm) glucose-oxygen biofuel cell, comprised of
two enzyme-coated carbon fibres, in a grape for a day. Cinquin et al.?* (2010)
demonstrated the first GOx-based EFCs implanted in an animal (rat) body in 40 days.
The device was bigger but allowed a higher power density of 24.4 mW/mL, which was
enough for powering pacemakers. They prepared it by immobilising glucose oxidase
(GOx) and catalase on barium alginate beads and wrapping it with a dialysis tube.
Haldmkova et al. and Szczupak et al.>>?® (2012) were two groups using different
enzyme immobilisation techniques to improve EFC stability and efficiency. They have
covalently attached the enzymes on CNTs and then implanted them into a living snail

and clam. In the following years, different materials, including gold nano-particles,??
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flexible carbon fibre,?’, and multi-walled carbon nanotubes (MWCNTs)?® have been
tested as an electrode to enhance the power density. Table 1 summarises previously

prepared implantable EFCs.

The typical human body produces around 100 W of electricity, and its steady
presence and fuel availability offer sufficient support for EFC operation.?® To be used
as implantable or mountable EFCs in the human body, special attention should be
made to overcoming issues with power output, biocompatibility, and stability of the
EFCs.2>30 Since the first full surgical implantation of an EFC in a rat in 2010, several
studies on implantable EFCs have been published.?* Chitosan-modified biocathodes in
rats lasted 167 days. Rats with implanted EFCs could power a digital thermometer or

LED. The pacemaker and electronic watch in cyborg lobsters can be powered by EFC.3!

Table 1 A comparison table highlighting the shape, current collector material,
enzyme type, and power density of implanted enzymatic biofuel cells developed by
different researchers.

Animal/location Shape Length Current The catalyst The Power Ref.
collector used in the catalyst density
material biocathode used in the
bioanode
Rat/retroperitone  Disc - graphite  polyphenol GOx 24.4 uW %2010
al space oxidase (PPO) mL?
Snail/between the Plate 2.5mm?  MWCNT  Laccase PQQ-GDH | 7.45uW 22012
body wall and 30 uw
internal organs cm?
Clam/dorso- Plate 2.5mm? MWCNT  Laccase PQQ-GDH 37 pW 262012
posterior part 40
UW/cm~
2
Rat/retroperitone = wire 1.5 mm gold Laccase GOx 2 uW 212013
al space nanoparti cm™
cles on
gold
wires
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Rat/jugular vein wire 10 mm Flexible Platinum GOx 95 uw 272013

carbon cm?
fibre
(FCF)
Rat brain plate 6mm x MWCNT  laccase GOx 193.5 282013
5mm uW cm
insect plate 11 mm?  PWDF bilirubin glucose 285 uW 322016
haemolymph and oxidase dehydroge cm™
carbon nase 333 uWw
cloth (GDH)
Rabbit/brain Plate 50 mm? | MWCNT  laccase catalase 16 uW 332018
mL?

Although EFC efficiency and stability have improved, most are manufactured on
a macroscale, restricting their practical use to powering implanted microelectronics.??
Additionally, the larger size of the EFCs causes a inflammatory response in the body.3*
Therefore, the miniaturisation of EFCs is vital to achieving long-term reliable energy
sources. The reduction of the size of EFCs can be achieved by further improvement in

the efficiency of the cells.'”*>

When implanted long term, the body may respond with an inflammatory
response in the surrounding soft tissue, which could potentially lead to chronic
inflammation. It is possible, however, for the implant to become encapsulated in
fibrous tissue composed primarily of collagen, which can reduce some inflammation.
Thus, during implant manufacturing, care must also be taken to prevent the
coagulation response from being triggered in the bloodstream. In order for enzymatic
biofuel cells to be developed further for potential medical applications, understanding
the body's reaction is crucial. By understanding the body's response to implanted cells,

researchers can ensure that the cells are manufactured in a way that does not trigger
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the coagulation response. This could include using biocompatible materials, and

controlling the size of the cells.3335

2.3. Miniaturisation of EFCs

The invention of micro biofuel cells might offer implanted devices with long-
term power sources when battery replacement is problematic. In the past three
decades, interest in small-scale power systems employing biocatalysts has grown
owing to the requirement for micro-scale power for implanted medical devices. EFC
research is projected to provide a miniature power source for portable, implantable,

and wearable devices (Fig. 2).
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Fig. 2 Potential applications of EFCs. The use of enzyme biofuel cells as a reliable
power source can power implantable electrical devices, such as pacemakers,
cochlear implants, bladder stimulators, insulin pumps, wireless pressure sensors
and neurostimulators, for example..?°
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Fewer active electrode materials are available with smaller EFCs, reducing
energy and power generation. Miniaturising EFCs requires investigating the
bioelectrodes' efficacy. EFCs with many enzymes on the electrode surface, optimal
mass transport, and efficient electron transfer rates may reach maximum power
density. This may be done by creating highly conductive 3D structures with a large
surface area so more enzymes can be attached and selecting the optimum enzyme
immobilisation technology to promote electron transport between the electrode and

the attached enzyme.

2.4, Electrode with a high surface area of EFCs
The electrode's shape plays a critical role in the efficiency of the EFCs as it

directly affects the amount of enzyme loading and active surface area. In this way,
Viktor et al.?! were the first group to significantly improve the geometric surface area
of their implantable EFCs 100 times over unmodified electrodes by attaching the gold
nanoparticles (GNPs) to the gold micro-electrode. By adding graphene plates to the
electrodes instead of using bare electrodes for EFCs, Song et al. and Liu et al.?%3® have
shown that the efficiency of EFCs can be increased by seven and two times,
respectively (Fig. 3). Kai et al.3”3® used polymer moulding to create the microneedle
electrode's high surface area. Results indicate improved biosensor sensitivity.
Similarly, Siu and Chiao used photolithography and polymer moulding to create
micropillar electrodes out of polydimethylsiloxane (PDMS). The average current

density and power density increased by 4.9 and 40.5 times, respectively.?® Chiao used
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wet etching to create a silicon-based fluid channel for the EFC, which created a surface

area that was more than four times larger than a simple electrode.*°
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Fig. 3 Representative schematic of EFCs.3® A schematic representation of Enzymatic
Fuel Cells (EFCs) illustrating the flow of fuel through two enzyme-immobilized
electrodes to generate electricity. The fuel, represented by arrows, undergoes
oxidation at the anode where the enzyme is immobilized, releasing electrons.

Although EFC power density has increased by increasing the electrode's surface
area, little effort has been made to optimise EFC shape to provide adequate power.?°
Additive manufacturing can address this problem by providing design freedom to
fabricate electrodes in various geometries. It can create conductive metal-based bio-
electrodes in 3D cellular (lattice) patterns, which substantially increases surface area,
the mass transfer interface between the two sub volumes, and mechanical load

support.*!

Lattice structures offer many exceptional qualities that make them a promising

option for a variety of applications, such as a lightweight construction owing to its high

3D-printing of enzymatic 41| Page
biofuel cells



specific stiffness and strength, an energy absorber due to its capacity to tolerate
considerable deformation at a relatively low-stress level, and facilitating the mass
(such as nutrition, oxygen, and waste) transporting within the pores.?>#? Lattice
structures have been created using several standard manufacturing processes, such
as investment casting, deformation forming, and metal wire methods.** To produce
the necessary structures, these procedures, however, demand complex machinery
with exact process control and additional assembly or bonding phases. Additionally,
while utilising these processes, the range of feasible designs is severely constrained.
On the other hand, the specific advantages of additive manufacturing (AM) technology

make it well suited to produce parts with lattice structures.

2.5. Additive manufacturing of electrodes
Currently, subtractive methods are the technologies most often used in industry

to create 3D conductive micro/nanostructures. These methods also need labour-
intensive sample preparation and have a high risk of harming the samples' surfaces.**
AM of microelectrodes is becoming more popular since it allows design flexibility and
manufactures complicated conductive devices fast and affordably. The AM of
electronics has been intensively researched in both industrial and research domains,

and the worldwide market could reach 26.6 billion dollars by 2022, up from 14.0 billion

dollars in 2017.%°

The term "3D printed electronics" refers to a technique that either enables the
incorporation of electronics into items or the direct creation of electrically conductive

traces on the surfaces of the objects.*® The AM of 3D electronics has been extensively
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investigated due to their demand for application in the production of 3D integrated
circuits,*” microelectronics,*® microelectrochemical systems,* sensors,*® batteries,>!
conductive tracks,>? and solar cells.>® Further classifications of 3D printed electronics
include 3D fully printed electronics are electronic components made using additive
manufacturing techniques, in which electrically conductive elements and dielectric
materials are sequentially deposited to create intricate multilayer structures (Fig.
4).>%> This method can enable the manufacturing of various electrical device designs

without the extra use of moulds and masks, which can ease production on demand.*®

a) BST/PMMA

Ag electrodes

Fig. 4 (a) Schematic layout for the printed capacitors; (b) Topography of a fully
printed capacitor with ink A1; (c) Picture of a PET substrate with nine printed
samples.>®
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According to the ASTM, AM process can be divided into seven groups, as
indicated in Fig. 5. These groups are:binder jetting, directed energy
deposition, material extrusion, material jetting, powder bed fusion, sheet
lamination, and vat photopolymerisation.>® Due to the high demands for the printing
of electronics, all these techniques have been extensively explored, which will be

summarised in the following:

Material Bin da Powder Sheet ORecten
Jettin Bed Laminaton Energy
9 Deposition

3» & 9.

Na%@l

Vat Photo-
polymerization

[« [§

Droplets are M Is is Liquid bonding Thermal energy  Sheets of malerials  Focused thermal
P Ively y Agent selectively selectively are bonded to energy fuses
selectively cured by P gk to join fuses regions of  form an material as
light-activated a nozzle/orifice in  powder materlals a powder bed object. deposited
cross kinking of *"Poly-jetting”  layers
ing poly P ly +Aetal LASER & EB: +Metal *Wire & Povider
chains -Wax *Plastic =Plastic «Metal *Paper *LASER& E8B
*Sand *Nylon *Cevamic/Sand CO, LASER: *Wood «For feature
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*Sand sFiber

Fig. 5 Seven Additive Manufacturing techniques including fused deposition
modelling, stereolithography, selective laser sintering, electron beam melting,
digital light processing, and binder jetting.>” These techniques each use a different
method for building a 3D object layer by layer, such as melting, sintering, or
jetting.

2.5.1. Material extrusion/Direct ink writing (DIW)
3D direct ink writing (DIW) is the most popular AM technique due to its broad

range of materials, simple procedure, and low-cost process. In this filamentary
printing approach, concentrated ink is extruded through a tapered cylindrical nozzle

manipulated with micro- to nanoscale resolution using a three-axis, motion-controlled
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stage (Fig. 6).°5° Printable ink for DIW is mostly high-viscosity thermoplastics such
cellulosic materials, poly(ethylene glycol)s, siloxanes, and photocurable polymers.
Ceramic particles, fibres, or other additives are added to printable slurries to provide
printed objects certain physical and chemical properties. Good printable ink has

rheological qualities that keep it from smearing.®°

Extrusion /
Force o

Fig. 6 Direct Ink Writing (DIW) technology schematic illustration.>® The DIW system
consists of a syringe containing the ink material, a nozzle or extrusion tip for
precise deposition, and a computer-controlled stage for controlled movement. The
ink material is extruded through the nozzle in a controlled manner to create three-
dimensional structures layer by layer, enabling the fabrication of complex and
customised objects.

In printing electrodes using DIW, a different conductive was added as a filler to
the printable ink slurry to make the printed part conductive (Table 2). Various
interdigitated electrodes with a high aspect ratio were printed in 3D using this
technology, resulting in the optimal area and volumetric capacity.®%®? Using carbon

nanomaterials as the filler has been extensively investigated to fabricate electrodes,
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providing high conductivity, stability, and biocompatibility.®®> Chandrasekaran et al.®
construct macroscopic designs by manufacturing a printable aerogel graphene-based
ink. This approach allowed for precise control of pore shape while preserving
graphene's inherent benefits. The combination of graphene oxide and graphene
nanoplatelets, according to Moyano et al.®®, considerably increases ink printability,
mechanical properties, and conductivity of the 3d product. However, the main
problem with carbon fillers is low conductivity. The higher conductivity can be
achieved by adding more amount of fillers. However, this can cause low mechanical

properties of the final part.667

Chao Xu et al.%® utilised the DIW technology to effectively produce steel
structures by multi-material printing of copper (which has a lower melting
temperature than steel) and alumina (high thermal and chemical stability than steel).
Copper permeated entirely into the pores of steel structures during sintering, resulting
in a hybrid construction with a brittle 3D structure. On the other hand, Alumina was
printed to serve as a removable support framework. The high conductivity is obtained
due to the high-temperature sintering, which removes the polymer from the matrix
and links the metals together. However, this approach's actual implementation in
printing microelectrodes may be impeded by poor resolution (~250 um). In addition,
the unproportional shrinking of the printed part after sintering may lead to the

deformation of the final structure.®8
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Table 2 A comparative table showcasing the conductivity of parts printed using
Direct Ink Writing (DIW) technology with different filler materials in the ink
preparation. .

Fillers Conductivity (Sm™) Ref.
Carbon aerogels 995 &l
Graphene and graphene oxide | 4205 65
TiO2 66400 &
Steel 740000 68

2.5.2. Selective laser melting (SLM)
SLM is a laser-based powder bed fusion AM method. In this approach, a

substrate plate is coated with metal powder in a building chamber. After powder
application, a high-energy-density laser melts and fuses select locations based on
processed data. After laser scanning, the platform is lowered, the second powder layer
is deposited, and a new layer is scanned (Fig. 7). The process is then continued for
further powder stages until all necessary components are produced.’® Controlling
processing parameters customises grain size, texture, and microstructural component

morphology, altering printed components' electrical conductivity.
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Fig. 7 Schematic presentation of Powder bed fusion.”® The figure illustrates the key
steps involved in PBF, starting with a powder bed of the chosen material. A laser or
electron beam selectively melts the powder particles, fusing them together to form
a solid layer. The build platform then descends, and a new layer of powder is
spread, repeating the process until the entire object is fabricated. The figure
demonstrates the layer-by-layer construction of three-dimensional objects through
the precise melting and solidification of powder material in PBF technology.

Using SLM printing technology, Ventura et al.”2 have created a copper alloy with
a density of 98%, a yield strength of up to around 590 MPa, and the conductivity of
copper in its bulk form. It has been shown that 8 hours of ageing heat treatments (at
450 °C) on as-printed samples will result in a conductivity of 34.2 % of the copper in
the bulk form. Even though a lengthier heat treatment could result in more
conductivity, the mechanical characteristics were drastically reduced. Another study
addressed this issue by looking at the laser strength, scan speed, and hatch distance
to ensure optimum conductivity.”® A narrow laser point (25 pum), fine powder (5-25

um), and thin layer thickness (10 um) can densify pure copper components with high
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resolution and little roughness at low laser power. Pure copper components with a

99.6% relative density and 76.1% electrical conductivity are produced.’®

SLM can provide high conductivity and mechanical properties, however printing
resolution must be improved to make small conductive electrodes. Conventional
SLM's lowest printed feature size is 40—-200 pm, inappropriate for microelectronic

devices.””

2.5.3. Inkjet printing
Inkjet printing is commonly utilised to make electrodes due to its high resolution

and conductivity. Inkjet 3D printing uses a small nozzle on the print head to eject
aerosol. As the print head moves, layers are formed. Inkjet printing offers fine surface
patterning and versatility. This simple printing technology has several uses in
electronics.”®”” However, generating monodispersed conductive nanoparticles and
modifying the ink's viscosity and surface tension to get the acceptable dripping
behaviour is necessary for inkjet printing conductive materials.* Droplet sizes must
be kept to a minimum in order to prevent nozzle clogging. Additionally, for the
material to fulfil the requirements for jetting, its viscosity must be low, not be higher
than 10-16 mPa-s.”® Inkjet printing of microelectrodes generally involves 2D printing
of conductive materials. Adding UV curable ink to the ink formulation can print 3D
components, although they have limited conductivity. Low conductivity is caused by

unconnected nanomaterial lines in the polymer matrix.”®
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2.6. Vat photopolymerisation
Vat-photopolymerization is a kind of 3D printing that builds three-dimensional

shapes layer by layer using a vat of liquid resin and a light source. In this method, the
resin is exposed to light to solidify it, and the product is built by selectively curing each
layer of resin until the thing is finished. This method is often used to precisely
manufacture small, complicated pieces. One issue with 3D-printed components is
that, depending on the application, they can not have the appropriate electrical
conductivity. Nevertheless, electroless plating may be used to provide a conductive
coating to the surface of a 3D-printed component. Without the use of an external
electrical source, electroless plating is applying a metal layer to a substrate. As an
alternative, a reducing agent is employed to reduce metal ions in a solution, which
subsequently deposits on the part's surface. Electroless plating may be used to cover
a 3D-printed item with a conductive layer, allowing for the precise and controlled
creation of microelectrodes. This method is promising since it eliminates the need for
costly or involved manufacturing methods and enables the production of highly
accurate and customised microelectrodes. Combining 3D printing with electroless
plating also makes it feasible to create intricate patterns and geometries that would

otherwise be impossible to make using conventional production methods.

In the vat photopolymerisation (VP) process, photosensitive materials are
carefully exposed to light to create layers of polymerised material. A 3D object is
created by combining subsequent layers. Vat-photopolymerisation, regarded as the

most accurate 3D printing method, has a wide manufacturing window ranging from a
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few nanometres to several centimetres.’® The primary components of photopolymer
resin, which hardens due to crosslinking, are monomers and oligomers (Fig. 8). In
response to curing light, photoinitiators change into radicals, interact with oligomers

and monomers, and induce crosslinking that results in polymer chains.8°

UV light

.*o+. o *.+0+
;.+°0 ‘o.o*’

o +o+°
.0 O©0°, 0

Fig. 8 A schematic representation illustrating the components of a photocurable
ink. The ink consists of a photoinitiator, a photo-absorber, monomers, and/or
oligomers. The photoinitiator initiates the curing process upon exposure to light,
while the photo-absorber enhances light absorption for efficient curing. Monomers
are the building network that polymerise and crosslink under light exposure !

VP methods can be classified into stereolithography (SLA), digital light
processing (DLP), and two-photon polymerisation (2PP). SLA and DLP both use UV-
induced polymerisation of resin. DLP employs micro-mirrors to create instant full-layer
polymerisation. SLA exposes one laser point (a stacked pixel) at a time. Compared to

SLA and other technologies, DLP has higher printing rates. Fig. 9 displays the SLA and

DLP technologies' operating theories.
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(a) Stereolithography (SLA) (b) Digital Light Processing (DLP)
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Fig. 9 A comparison of the schematics of Digital Light Processing (DLP) and
Stereolithography (SLA) printers. In DLP printing, a digital micromirror device
(DMD) projects light onto the entire layer simultaneously, while SLA printing
employs a laser or UV light that selectively scans the surface to cure the resin.

2PP is a vat photopolymerisation-based printing method that offers superior
control and print quality. The 2PP can build 100-nm-scale 3D structures. In 2PP, two
photons are absorbed simultaneously by a photoinitiator, causing reactive species to
form, which initiate polymerisation. Polymerisation only occurs at the laser beam focal
point, which is closely controlled using high numerical aperture (NA) objective lenses.
Generally, the higher the NA of an objective lens, the smaller will be its spot size due
to its ability to gather light. 2PP can achieve extremely high resolution with as small as
ten nanometre feature sizes using a high-NA objective lens and a short-wavelength
laser. Furthermore, a femtosecond laser allows precise control of laser pulse duration
and energy. These enables the fabrication of complex structures with high precision
and accuracy.8182 After the selective photopolymerisation, the structure is exposed by

washing off non-polymerised photoresist (Fig. 10).83 This method is suitable for

printing 3D structures with a high surface area. However, directly fabricating the
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electrically conductive structure with this 2PP is challenging. This technique's direct
printing of highly conductive structures is possible if the photoresist contains sufficient
conductive materials.*> However, a higher concentration of conductive
nanomaterials, usually leads to poor mechanical properties in 3D-printed
microstructures..®” Furthermore, the metals/metal ions in the photoresist can scatter
and hinder the laser light, causing unwanted polymerisation and metal nanoparticle
growth during laser irradiation.®*2> Therefore, a more careful and tedious photoresist
optimisation process is required to improve conductivity and printability. The highest
conductivity achieved with this technique is still 3-20 times lower than the
conventionally applied bulk metals in electronics.** This low conductivity mainly arises

from disconnected conductive nanomaterials entrapped within the polymer matrix.”?

Au

AU3+J O] @ @
®

Crosslinked Polymer

@ Aud*

Near-infrared @ Au Nanoparticles
Femtosecond Laser

Fig. 10 An example of a typical procedure for creating nanocomposites using two-
photon polymerisation and photoreduction in unison.® The figure illustrates the
key steps, beginning with the focusing of ultrafast laser pulses onto a localized
region within the resin. The high-intensity laser induces a nonlinear absorption
process, allowing for precise control over the polymerization. As the resin
solidifies, the build platform moves, layer by layer, creating intricate and high-
resolution 3D printed structures.
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This study has selected the VP method because it is the most precise method for
building 3D structures. Its goal is to overcome the issues mentioned above in order to
get the maximum conductivity. This study will go into depth on polymer template
coating, which is one solution to this issue. By carefully functionalising the printable
ink, it is possible to print a part with a functional group on the surface, creating a
suitable surface for metal attachment. Extensive research is needed to develop the

ink for this procedure.

2.6.1. Ink for VAT-photopolymerisation
Vat-photopolymerisation depends on light irradiation via a reservoir (vat)

stocked with photocurable materials to photopolymerise liquid monomers and
oligomers at a specified point on the building platform (Fig. 8). This precision printing
process has significant promise for bio-electronics applications. Chemical formulas of
printable resin are generally confidential and not released by makers, leaving
physicochemical and mechanical properties (such as tensile strength and elongation
at break) and hazard identifications (cytotoxicity) unknown. Not all commercially
available photopolymerisable monomers/oligomers are acceptable for certain needs;
hence, 3D-printed components cannot be made using currently available resins.
Therefore, there is a growing demand for novel photocurable medicinal materials.
Biocompatible materials should be used in photoresist biomedical applications, such
as implanted EFCs, to prevent negative consequences. The printed component should
also be strong enough to avoid part breakage and metal flaking. Three components

make up photocurable ink: a photoinitiator, a photoabsorber, and a monomer or
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oligomer. A photoinitiator triggers monomer polymerisation by absorbing UV light and
generating free radicals. The photoabsorber prevents overpolymerisation and

enhances printing control.®’

2.6.2. Monomer/oligomer
The high potential of the VP biomedical applications has led to the development

of a wide variety of improved resins. Each category uses a different polymerisation
method: radical polymerisation for acrylic or methacrylic resins and cationic
polymerisation for epoxy or vinyl ether resins. Acrylic and methacrylic acids are
popular resins as they provide rapid response times, long-term stability, and tuneable
mechanical properties. Due to their cytocompatibility and ease of sterility, acrylate-

based monomers are ideal for biological applications.8¢-8°

The number of functionalities can affect the polymerisation by altering the
reactivity of the acrylate molecules. When more functionalities are present, the
molecules react more quickly, and the polymerisation will be more efficient. On the
other hand, mono-functionalised acrylates have lower molecular weight, which
reduces the viscosity of the resin and results in a more flexible product.®® A larger
number of double bonds ([C=C]o) in the system causes the creation of a higher cross-
linked polymer network, and higher cross-link densities cause the material's stiffness
to rise. In this way, Voet et al.’® showed that the cured biobased acrylate
photopolymer resin (BAPR) products' Young's modulus does rise as the double-bond
concentration rises (Table 3). More acrylate content in the monomer also results in

higher viscosities. While larger molecular weight monomers are more flexible and less
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reactive, lower molecular weight monomers have more reactivity and stiffness.®

Therefore, careful monomer selection is required to achieve desired viscosity and

stiffness.

Table 3 Relationship between the double bond concentration and printed part
stiffness.’! The more acrylate groups that are present, the stronger the polymer
network will be and the faster the photopolymerisation reaction will occur.

Acrylate Structural formula BC f p M [c=Ccj," n

% kg:«dm? kgmol' mol-dm? Pa-s
SA5102 HyC CH; 75 1 0.99 0.21 48 0.01

c““’\ﬂ/x
o
SA5201 % a 60 2 0.98 0.28 7.0 0.01
o
o

SA5400 %")I\ J\f 10 4 1.17 0.35 13 0.35
SAT7101 %(% 70 5 1.04 1.7 2.7 17

Acrylic-based resins may be readily modified to provide the desired physical and

chemical qualities. Yee et al.®> developed functional monomers utilising the Michael-

thiol process. PETTA, a tetrafunctional acrylate, was used to manufacture the
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functionalised acrylate in a 1:1 mol ratio reaction with a thiol to ensure that the final
monomer combination contained an average of three acrylates per monomer
molecule, which is acceptable crosslinking. Since the functional groups are directly
placed onto the monomer, they should be uniformly attached to the structure. Thus,
thisis also a versatile method for binding various functional groups to surfaces. Using
this approach, they could print polymers with functional groups. This functional group
may also post-functionalise. This approach is being explored for a PhD project, which

will be addressed in depth in the next chapters.

2.6.3. Photoinitiator
The photochemical process typically starts using photoinitiators with high molar

extinction coefficients at short wavelengths. The photoinitiators must be exposed to
light with the right wavelength and enough intensity to respond as intended. In the
absence of this, the chemical reaction may not occur, or it may not occur fully, leading
to subpar or uneven polymerisation performance. When exposed to UV light, the
photoinitiator decomposes, creating radical or cation-active species that would start
the reaction system's active monomers or oligomers.®®> As a result, the polymeric
mixture may be immediately transformed from a liquid to a solid by being exposed to
an appropriate UV light source. The initiating species can consist of radicals, cations,
or anions. The three most important characteristics of a photoinitiator are (i) high
absorption at the exposure wavelength and a high molar extinction coefficient, (ii) a

high quantum yield of initiating species, and (iii) a high radical reactivity towards the
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monomer.”* There are two types of type | and Il initiators for free radical UV

photoinitiators.®®

Nourish type I: Usually, benzoyl-containing compounds are used as nourish type
| initiators (Fig. 11). When the initiator's carbonyl absorbs a photon, it becomes
excited. Excited carbon bond homolysis creates two radical fragments. 2,2-
Dimethoxy-1,2-diphenyl-ethan-1-one cleaves into methoxybenzyl and benzoyl.
Methoxybenzyl breaks down into methyl and methyl benzoate, whereas benzoyl

initiates free radical polymerisation.

OCH3 OCH3
| uv * .
T—ﬁ — C + <|3|
OCH3 © OCH3 o
2,2-Dimethoxy-1,2-diphenylethan-1-one Methoxybenzyl radical Benzoyl radical
C|)CH3 0O
@T — CHy + QC—O—CH3
OCH3
Methoxybenzyl Methyl radical Methyl benzoate

radical

Fig. 11 Photoinitiation process in type | photoinitiators.

Nourish type IlI: Type Il initiators absorb UV light to produce excited molecules,

which steal an electron or a hydrogen atom from a donor molecule (Fig. 12). Then, a
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monomer and the donor molecule interact to start the polymerisation process.
Benzophenone and its derivative, isopropyl thioxanthone, and tertiary amines as
donor molecules are typical type Il photoinitiator complexes. The excited
photoinitiators use the amines as active hydrogen donors. Hydrogen abstraction

results in highly reactive alkyl-amino radicals, which then kickstart polymerisation.

[e] o*
R
uv |
Q O B — O O +
HR N
~o \R
CH
R
* HR !‘|J
S~ \R

Fig. 12 Photoinitiation process in type Il photoinitiators.

Type | photoinitiators do not need an amine group, unlike type Il photoinitiators.
Additionally, Type | photoinitiators undergo quick photolysis, producing highly
reactive radicals like benzoyl and phosphoryl, which start the polymerisation
process.’® Due to their importance, numerous efforts have been made to develop
appropriate photoinitiators. Kiefer et al.®” list many photoinitiators and classify them
according to the figure of merit (FOM), which relates to the photoresist sensitivity.
Among these photoinitiators, Irgacure 819 (or BAPO),?® CQ,%° TPO,%% and ITX!! are
commercially available with good FOM for biomedical applications. However, some of

them are not appropriate for printing scaffolds for implantable applications, including
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the enzymatic biofuel cells, due to their poor biocompatibility. For instance, ITX is not
a promising option for tissue engineering applications due to its poor
biocompatibility.1921% |rgacure 819 (Irg 819) is a type 1 photoinitiator with two
carbonyl groups in its structure (Fig. 13).1% Compared to TPO, IRG 819 is a more
effective photoinitiator, as it generates four reactive radicals from a single molecule.
Furthermore, Irg 819 exhibits a significantly higher molar extinction coefficient of 870
L/mol cm. This is substantially greater than that of CQ (33 L/mol c¢cm).X?” Recent
research conducted by Lima et al. highlighting that Irg 819 also appears to be the most
promising photoinitiator for biological applications due to its excellent performance
and biocompatibility.®®10810% This is the reason it has a variety of biomedical
applications. For instance, various research using tissue engineering of bone scaffolds
have employed the 3wt% of the Irg 819.11%112 Another example is the use of 1wt% of
Irg for cell culture by Warr et al.!'3 One of the biggest advantages of Irg 819 is better

solubility in most monomers and solvents.®>
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Fig. 13 Type | photoinitiation process of Irg819. Active radical molecule forms when
the photoinitiator exposing to UV light.
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2.6.4. Photo-absorber
In stereolithography, the light path determines the XY resolution, but light-

attenuating additives that absorb extra light and constrain polymerisation to the
appropriate layer thickness determine the z resolution, which improves pattern
accuracy. These photoabsorber additives help to ensure that light is absorbed
uniformly throughout the resin, which can increase the resolution of the 3D printed
object. Without them, it is difficult to achieve the same level of detail in the finished
product. However, the lack of adequate photoabsorber additives is another challenge,
making it more complex or costly to improve Z resolution in the 3D
photopolymerisation..!’* Because of their known genotoxic and carcinogenic
properties, conventional light-blocking compounds used for photoresist patterning or
creating plastic parts, such as Sudan |, are not appropriate for biomanufacturing.!®
Recently, Grigoryan et al.'* recommended using commercial food colours, both
synthetic and natural, as effective but non-toxic light absorbers for projection
stereolithography. They have shown that aqueous pre-hydrogel solutions containing
the ingredients tartrazine (FD&C Yellow 5, E102, a yellow food colouring), curcumin
(from turmeric), or anthocyanin (from blueberries) can all produce hydrogels with a
patent vessel. The discovery of these non-toxic photo absorbers for projection
stereolithography can pave the way for creating popular biocompatible 3D

constructions.

2.7. Metal coating of 3D-printed polymer

Polymeric materials' flexible and stretchy to stiff and rigid mechanical qualities

are employed in aerospace, automobile, and healthcare. Complex and integrated
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polymeric product design requires scalable, sustainable, and resource-efficient
methodologies. 3D printing allows design flexibility, flexible prototyping, and assured
component quality for polymeric materials. 3D-printed polymers are employed in
actuators, sensors, antennas, and medical devices. However, 3D printed polymers

lack electrical conductivity, limiting their use as conductors.1®

As mentioned in prior section, it is possible to directly print conductive 3D
structures by adding conductive nanomaterials to the printing material, resulting in
low conductivity. These techniques can achieve higher conductivity if adding a high
load of additives. However, this will dramatically impact the printability and physical
properties of the printed part. Coating the part after printing is a possible solution for
this problem as it provides flexibility in manufacturing different conductive materials
without affecting the printability and physical properties of the part. One critical issue
with the coating is the adhesion of the deposited metal on the printed part. Therefore,
surface treatment should be performed before the coating process. Without the

surface treatment, the deposited metal can peel off after the coating.

2.7.1. Surface treatment of 3D-printed polymer
Different surface treatments have been used to enhance surface tension, which

boosts bond strength and durability of polymer composite adhesive joints. This
includes improving surface roughness and chemistry. Using physical and chemical
methods, metal adsorption on substrates has been enhanced. These procedures may
be split into three categories: acid etching, plasma treatment, and printable resin

treatment.117-122
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CHEMICAL ETCHING
Chemically etching 3D-printed polyacrylate improves plating adhesion. Chemical
etching roughens and hydrophilises the polymer's surface so the metal coating can
adhere during metallisation. Through optimised acid etching, metal adherence to
polymers is achieved.'>>?* In a recent study, Kim et al.'?! showed that hydrochloric
acid could be used to functionalise 3D-printed pentaerythritol triacrylate (PETA).
Surface carboxylate groups form when acid breaks C-C bonds (Fig. 14). The carboxylate

group helps connect stabilised gold nanoparticles to electroless plating polymer.
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Fig. 14 process for electroless plating of the 3D-printed part using acid etching.'?!
after the surface treatment, the nanoparticles seeding on the polymer surface. The
particles then grow while soaking into the electroless plating solution until they
join together and for a metal film.

This method generates a homogenous metal coating, but the metal's adherence

to the polymer was poor, leading to peeling (Fig. 15).
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Fig. 15 SEM image of the gold coated polymer that partially peeled off. The
uncoated polymer surface is dark where the gold is bright, and vice versa.?! This
image illustrates how weak adhesion between 3D-printed polymer and deposited
gold leads to gold film peeling off.

PLASMA TREATMENT
Plasma is an energetic medium made up of atoms, molecules, radicals, positively
and negatively charged ions, and electrons from an external source. Plasma exposure
cleans, ablates, cross-links, and alters chemical properties. Plasma discharge
also introduces chemical functionality based on the material and process gas.
Interaction between a polymer surface and plasma may dissociate hydrogen from
polymeric chains and produce free radicals. Plasma-activated radicals may interact

with gas particles, adding new functional groups to polymer surfaces.'?> Vorck et al.*?®
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showed how to bind a dithiol (1,2-ethanedithiol) group to a plasma-exposed polymer.

The thiol attachment strongly connects the polymer and the gold nanoparticles.
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Fig. 16 Scheme of polymer modification by plasma discharge (R-radical), grafting by
dithiol and by either coating with Au nano-particles or by sputtering of Au nano-
layer.126

In this way, Yan et al.'?” successfully used plasma to treat the surface of a 3D-
printed microstructure and coated it with silver. This is a simple and successful
procedure for surface functionalisation, but plasma treatment of bigger, more
complex 3D-printed parts is difficult owing to line-of-sight limits.1?%12° Although John
et al. have shown that nitrogen plasma can penetrate into pores even as deep as
5mm, most treatment takes place on the surface of the scaffold, and the effectiveness

of the treatment decreases with every millimetre of depth.%°
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FUNCTIONALISATION WITH THIOL-ENE CLICK CHEMISTRY

This approach uses thiol-ene-based resins to print functionalised polymers in
situ. Thiol-ene-modified polymers boost adhesion strength and polymer-metal
compatibility, according to new study. Mandal et al.'3! modified UV-curable PTHBMA
using thiol-ene chemistry. Thiol-modified PTHBMA has a greater lap shear strength
than unmodified PTHBMA. Shahzadi et al.'3? recently designed and optimised thiol—
acrylate resin compositions to manage polymerisation depth and obtain a surface thiol
group. Free thiol groups at the surface of off-stoichiometric resin formulations were
employed to immobilise gold nanoparticles (Fig. 17). In addition, thiol-ene/acrylate
polymers are biocompatible and sterilisable with ethylene oxide,33, Ideal for
biomedical applications.’* Enhanced adhesion from thiol-ene/acrylate polymer has
proven success in intracortical probes that use noble metals, such as gold, to monitor

brain activity.!*>
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Fig. 17 Polymerisation of thiol-ene base resin.'3¢ The thiol-contained molecule
reacts with acrylates and form a crosslink with monomers.
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This surface functionalisation approach is feasible since the excess thiol group is
directly displayed on the surface. However, most of the thiol groups in the resin are
consumed in the interaction with the acrylate group, leaving less free thiol on the
surface.9%13” Adding an excess quantity of thiol-based cross-linker such as
multiactylate molecule may improve the likelihood of thiol group on polymer surface,
however thiol-ene systems have inferior mechanical qualities than acrylate-based
systems because crosslink density decreases along with volume shrinkage. Since
volume shrinkage depends entirely on the number of double bonds that react and is
unaffected by thiol concentration, fewer double bonds are available to cause volume

contraction.138

Another approach is that the multifunctional monomers are pre-functionalising
with various groups via the thiol-Michael addition reaction prior to printing (Fig. 18).
The functionalised acrylate monomers are then mixed with a photoinitiator in an
appropriate solvent and used to fabricate the 3D structure.®? This methodology relies
on carefully selecting the monomers so that the necessary functional groups are not
consumed during the polymerisation process. The functional groups exist on the
surface since they are directly attached to the monomer. This is a versatile approach
to attaching various functional groups on the surface of the polymer, as shown in Fig.
18. This technique has been looked into via this PhD study since it demonstrates a

reliable methodology to add a significant quantity of thiol to the polymer's surface.
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Fig. 18 a) Chemical composition of the functional monomers produced by the thiol-
Michael reaction between pentaerythritol tetraacrylate and a thiol. A sample
product is shown. PETTA/CH2CFs, PETTA/LCF, PETTA/PFP, PETTA/BM, PETTA/MP,
g) PETTA/OH, h) PETTA/octane, | PETTA/N-BOC, and j) PETTA/N-BOC are used in
the architecture of the materials (Cys). The inset in each panel shows a linked
functional group.®?

2.7.2. Electroless plating
To overcome this problem with low conductivity of the printed polymer,

139 140,141
’

different coating methods (vapour phase deposition micro electroplatings,
and sputter deposition'?) have been developed to coat fabricated polymeric

microstructures with conductive materials. The electroless plating approach has been

most attractive because it is a simple, rapid, flexible, and low-cost process that can
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deposit many metals onto polymeric templates. The resulting metal 3D structures
obtained with this process and reported in the literature have demonstrated

advantages in their controllability and well-defined size and shapes.34121,122,143-145

This technique is an autocatalytic deposition procedure that coats
nonconductive surfaces uniformly with thick metallic layers due to the reduction of
metallic ions from a liquid electrolyte.*® A continuous and compact metal coating on
the substrate's surface can provide EP high conductivity.'#’~14° Various reducing
agents, including sodium borohydride,'*® vitamin C,**! and hydroxylamine,'?! have
been used. Among them, weaker reducing agents have shown more uniform metal
deposition. This is because the strong reducing agents can synthesise unwanted metal
nanoparticles in the solution rather than grow the seeds on the polymer. Using this
approach, Kim et al.»>> have homogenously coated the 3D-printed microstructures
with gold. This method used electroless gold plating at room temperature using an

aqueous solution of HAuCl4 and NH,OH.HCI. (Fig. 14).

According to Kim et al., the uniform gold coating has been observed with SEM images.
However, the slight pealing exists in Fig. 15 that can be due to the less affinity of the

carboxylic acid group to the gold.

2.8. Enzyme power output in the EFCs

Low EFC output limits their application options. EFCs are less powerful than
metal-catalysed fuel cells and lithium-ion batteries. Most EFCs have 1 to 1000 pW cm-
2 power densities, with a few exceeding 1 mW cm2.3° This poor power density may be

traced back to three distinct areas: electron transport from enzyme to electrode,
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catalytic surface area, and stability of enzyme activity. A combination of tailoring
electrode materials, enzymes, and their interfaces, as well as smart configuration

design, is needed to solve these issues.?

The power output by EFCs has increased dramatically over the past decade,
allowing them to power implantable or portable devices.?>*'>* Such advancements
have been based mainly on a better knowledge of the parameters that control enzyme
electrical wiring and the utilisation of conductive materials with a high surface
area/volume ratio that may enhance enzyme loading. Studies have extensively looked
into the use of new nano- and mesoporous materials for enzyme hosting, their
functionalisation to improve enzyme wiring, modelling of pore structure and its effects
on enzyme electroactivity and loading, and the role of high surface area in improving

bioelectrode stability and enzyme loading.'>>

Most high-power density EFCs utilise carbon nanomaterials (CNM)-based
electrodes.3° As a result, CNMs, including Bucky paper carbon felt, carbon cloth,
carbon black, CNTs, carbon fibre, graphene, porous carbon, carbon nanodots, and
their mixes, have been widely used to make bioelectrodes. Their advantages include
low cost, industrial scalability, a wide working potential window, chemical stability,
hierarchical micro/nanostructures, and flexible structures. Because of the high specific
surface area of CNMs, they can hold a lot of enzymes.3° Although using CNMs-based
high-surface-area electrodes allows for much higher current densities, there are still

two significant challenges.
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First and foremost, the toxicity of CNMs, particularly in implanted applications,
should be addressed. Chronic diseases may result from long-term exposure to CNMs
from portable devices.391567158 Second, high enzyme loading does not necessarily
equate to increased current density, the excess high enzyme concentrations may
hinder fuel diffusion.3%15%160 The previous study show that, due to enzyme loading in
the large pores (150 nm) and better mass transfer, the larger holes (150 nm) produced
higher current density than the smaller pores (35 nm).'%* Furthermore, some natural
enzymes that can catalyse glucose reaction in EFCs, such as GOx, are unable to conduct
DET on CNT or graphene-based electrodes because they are heavily glycosylated with

a FAD group that is too deeply buried to allow direct ET.162163

2.8.1. Electron transfer (ET)
ET rate determines EFC power output. Electron transfer between enzyme and

electrode might be direct (DET) or mediated (MET) (Fig. 19). Both have pros and cons.
DET transports electrons directly to the electrode for bioelectrocatalysis, unlike MET,
which needs a toxic external redox mediator. Due to enzyme properties, DET is simple
and affordable, allowing near-zero overvoltage. The DET is more reliable and more
suited for biological EFC development than the MET.3%%%* Using a high-conductivity
electrode may aid increase current output by facilitating ET between enzyme and
electrode and preventing energy loss through electrode-to-external-circuit transfer.
For this reason, immobilising the enzyme on porous gold electrodes has gained
interest because to its superior electrical conductivity, chemical stability, and

biocompatibility. Au electrodes can also be easily functionalised via self-assembled
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monolayers of thiol, diazonium grafting, and electropolymerisation.3° In addition, the
interaction between the enzyme and the gold nanoparticles was more beneficial for

electron transfer than CNTs.162,163,165

According to Marcus' hypothesis, ET is controlled by reorganisation energy and
donor-acceptor distance, which reduces by an order of magnitude for every 2.3
A.165166 An upper threshold of 15 A is required for DET to be effective. Thus, the
enzyme's structure and conformation contain a cofactor near the electrode, boosting
the ET rate and bioelectrode current density. On the other hand, many cofactors and
active sites are locked inside insulating protein shells, presenting a barrier to
successful long-distance ET rates.'®®167 This issue may be addressed by employing
appropriate enzyme immobilisation, electrode surface modification for correct
enzyme orientation, and enzyme engineering to bring the enzyme cofactor closer to

the electrode surface, all of which will help DET for high-current-density bioelectrodes.
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Fig. 19 Direct electron transfer (DET) and mediated electron transfer (MET) for
immobilised. Electron transfers from electrode to T1; Steps 2—4: IET; Steps 3-4: O;
reduction; Step 5: Hypothetical electron transfer from electrode to trinuclear
cluster. Steps 6-8: Electron transport from electrode to redox mediator, then from
redox mediator to T1,16816°

2.8.2.  Enzyme stability
Enzyme stability influences EFC lifetime and power output. Stability is an

enzyme's capacity to keep its active structural form despite disruptions like
temperature increases.'’? Free enzymes present in nature are not stable, and many
factors affect their activity.'’%1’? Therefore, the enzyme immobilisation technique

plays a pivotal role in both efficiency and biocompatibility of implantable EFCs.

A number of factors, including an enzyme's intrinsic instability, immobilisation-
induced denaturation, conformational change, reorientation, and chemical
inactivation, as well as inadequate enzyme/electrode contact, may lead to the relative

instability of an enzymatic electrode.®® Appropriate enzyme immobilisation fixes this
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problem. Immobilising the right enzyme on conductive electrodes can increase

enzyme loading, enzyme-substrate interaction, and electron transport.

2.8.3. Enzyme immobilisation techniques on the

electrode
Enzyme activity, stability, and electron transport may be improved via electrode

immobilisation. Immobilisation impacts bioelectrode stability by inhibiting enzyme
dissociation.'”? This is because rigidifying the immobilised structure of an enzyme may
prevent it from denature. As show in Fig. 20, enzyme immobilisation can be classified

in four main section which will be summarised in following sections.3%174

Covalent binding
*  Sulfur -gold bond
*  Amide bond
*  Click chemistry

( Adsorption
¢ Nanostructured materials
*  Functionalized surfaces
* Charged surfaces

<
LV
b S
.;‘fx J
3
°

(" Entrapment Crosslinking
*  Organic polymers Electrode *  Enzyme cross-linking

¢ Conductive matrices
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Electrode

y, o -4 S
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Fig. 20 Four main enzyme immobilisation techniques.3° Adsorption: Enzymes bind
to solid supports non-covalently, allowing separation. Covalent bonding: When
enzymes are covalently attached to a solid support, they form a strong and
permanent bond that ensures their stability and activity. Encapsulation: Enzymes
are enclosed within a porous matrix or microcapsules, providing a protective
environment for enzyme activity. Crosslinking: Enzymes are linked to solid
supports using crosslinking agents, preventing enzyme release.
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Adsorption:

Physical adsorption is the easiest approach to immobilising enzymes. For
example, nucleic acids on the glucose oxidase enzymes are highly negatively charged
and therefore can be readily adsorbed to electrode surfaces that are positively
charged > or modified with a functional group such as amine,’®'’7 and thiol,'’®
through the ion exchange process.'’>* On the other hand, positively charged
enzymes can be immobilised onto negatively charged surfaces, such as silica or
hydroxyapatite.'8! It is also possible to use the hydrophobic properties exhibited by
many proteins to promote their adsorption onto hydrophobic surfaces. On
hydrophobic surfaces, the enzyme-surface interaction may initially take longer to
occur, as hydrophobic regions of the enzyme need to overcome the unfavourable
water environment. Even so, once the enzyme adheres to the surface, there is a risk
of denaturation due to the exposure of the internal hydrophobic core. This can disrupt
the enzyme's structure and reduce its activity. On the other hand, hydrophilic surfaces
retain enzyme structure and activity. The hydrophilic nature of the surface promotes
favourable interactions with the aqueous environment, allowing the enzyme to
maintain its native conformation and functionality. In this way, enzyme immobilisation
on hydrophilic surfaces is more stable and effective.'® However, adsorbed enzyme
stability is often lower than other immobilisation approaches. In addition, immobilised

enzyme bioanode stability depends on reaction conditions.83
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Entrapment:

Entrapping enzymes within polymer matrices, organic and inorganic frameworks
and immobilising them on the electrode surface may minimise leaching while
preventing denaturation and conformational changes to the enzyme. With excellent
enzyme activity and stability, entrapment is a relatively straightforward process.'®*
Enzymes can be preserved in active forms by being placed in membrane-like matrices,
such as hydrogel,®> lipids,'8 and agarose,'®” which can replicate the natural
environment of enzymes.*®® Such matrices cannot be employed for bioelectrocatalysis

directly since they often have low conductivity.

High conductivity materials like CNTs and redox mediators like ferricyanide and
ABTS have encapsulated the enzyme when making an enzymatic biofuel cell (Fig.
21).%8 El et al.»® have demonstrated that 60 days of continuous monitoring of an
MWCNT bioelectrode resulted in a constant current response, with more than 70% of
the initial current remaining after six months of storage. However, this method has
mass transfer issues. Therefore, designing a material with bigger pores and matrix is
crucial. Matrix defects also may cause enzyme leaching, and porous materials leak

fast.183
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Fig. 21 Entrapping the enzyme within CNTs in full EFCs. The electrons are
transferred from the GOX to the CNT during the anode conversion of glucose to
gluconolactone. Catalase converts hydrogen peroxide into oxygen and water. After
electrons are transferred from CNT to laccase, dioxygen is transformed into the
water at the cathode.®

Crosslinking:

Cross-linking is a straightforward and efficient approach for immobilising
enzymes on electrodes. Because the procedure is based on bi- or multifunctional
reagent ligands, rigid enzymatic aggregation, which reduces enzyme leaching and
increases stability, should be predicted.’®* A glutaraldehyde-crosslinking enzyme is
remarkably stable. In the absence of glutaraldehyde, the catalytic current dropped
and was substantially lower.’®>'%3 This may be because glutaraldehyde
continuously reacts with enzyme molecules, resulting in their deformation and

subsequent rigidification.

Cross-linking is a stable, reusable, and volumetric immobilisation approach for

solid surfaces. Recent research found that enzyme precipitated coating (EPC) offers
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excellent enzyme loading, activity, stability, and reusability.’®* This approach
crosslinks enzymes on nanomaterials. Kim et al.* recently generated EFCs using an
enhanced EPC technique, demonstrating the maximum enzyme activity with no GOx
activity decrease during 270 days. However, heterogeneous enzyme orientation
distribution, especially with cross-linkers, may delay ET speeds. This approach forms
multiple layers of enzymes, increasing the distance between the outer layers and
electrode and blocking electron transport (Fig. 22). In addition, the mass transport and
loss the enzyme activity are two other main issues with this approach in the case of

forming large enzyme clusters.391%>

0.9 .0 o .9 0o o .0 .0

Nanofiber (PS:PSMA)
‘ GOx i
Glucose Oxidase (GOx)/ Q9 Precipitated GOx
Glutaraldehyde (GA) 99 @ ™ (enzyme aggregates)

Fig. 22 is a schematic illustration of three different approaches to GOx
immobilisation on MWCNTSs. (a) covalent attachment (CA-GOXx), (b) enzyme coating
(EC-GOx), and (c) enzyme precipitate coating (EPC-GOx).>*®
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Covalent binding:

The most common and efficient technique for immobilising enzymes is covalent
binding. Creating amide bonds between carboxylic and amino groups, crosslinking
with glutaraldehyde, or the EDC/NHS reaction on functionalised electrodes are typical
methods to bind enzymes onto electrode surfaces.'®’~2%2 Once a covalent connection
is created, it is resistant to ionic strength and pH, which break non-covalently bonded
molecules' adhesion to a surface.??® Because of these characteristics, covalent
functionalisation is appropriate for applications requiring long-term or continuous
measurement modes, where bond stability contributes to signal stability over time
and single-use sensing applications. Gutierrez-Sanchez et al.1°® demonstrated that the
immobilised enzyme using this approach preserved more than 80% of the original
current after 4000 s continuous measurement, whereas only 20% remained at the
enzyme physically adsorbed onto mercaptohexanoic acid functionalised Au electrode.
Immobilisation may reduce enzyme activity. This activity decrease may be caused by
enzyme deformation from support interactions. Covalent immobilisation also affects
interfacial electron transport and, ultimately, the lifespan of bioelectrodes.3° Climent
et al.2%* state the distance between the enzyme and electrode affects its current
density. To improve electron transfer, the distance between the enzyme and current
collector should be shorter than 8 carbons (12 angstroms). n < 8 reaches saturation,

and n > 8 seems to drop exponentially for each additional carbon atom.
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Covalent functionalisation chemistry relies on the surface, and biological
components, so many procedures are investigated. These approaches may be
characterised as random functionalisation protocols connecting randomly oriented
biomolecules to the surface or oriented functionalisation procedures, which constrain

binding orientation to certain and often desirable poses.

ENZYME IMMOBILISATION WITH RANDOM ORIENTATION

Random covalent immobilisation takes the use of biomolecules' surface
functional groups. Primary amines like lysine residues are mainly targeted in GOx
immobilisation due to their biomolecular frequency and nucleophilicity.?% This
approach is flexible and can be used to immobilise various enzymes. Immobilising the
enzyme with the random orientation demonstrates excellent enzyme stability, as it
can retain 88 per cent of its activity after 21 days.2% This is because it results in
multipoint attachment of the enzyme since more than one surface functional group is
involved in bond formation and causes the firm attachment of the enzyme on the

support.?%’

Several studies have been conducted, and numerous crosslinkers have been
introduced because the surface binding linkers significantly impact the electrocatalytic
enzyme performance. These chemicals primarily target three main biological
functioning groups: amines,'®! carboxylates,?® and thiols.?%°® Some of the most
widespread cross-linkers are 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide/N-
hydroxysuccinimide (EDC/NHS), which cross-links carboxylates to amines,?¢ and

succinimidyl  4-(N-maleimidomethyl)cyclohexane-1-carboxylate  (SMCC), which
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connects thiols and amines (Fig. 23A).2% Most cross-linking chemicals used today are
heterobifunctional, limiting unwanted surface group cross-linking.?°® Glutaraldehyde
cross-linking, one of the first techniques for enzyme immobilisation, works by firmly
cross-linking amines via two amine-aldehyde bindings and promotes multipoint
linkages (Fig. 23B).2% For this reason, glutaraldehyde has been hailed as a an
adaptable immobilisation crosslinker for the covalent attachment of enzymes. The
glutaraldehyde and the enzyme have been immobilised using two different

techniques.

e Without an enzyme, the crosslinking agent reacts with functional groups on
the electrode surface, eliminating unreacted chemicals. Enzymes can then
react with surface-bound cross-linker. This technique ensures a stable, uniform
monolayer of immobilised biomolecules without protein aggregation (Fig.
23A).

e The enzyme first immobilises on the electrode with physical interaction, and

then the glutaraldehyde is added to provide a crosslinking covalent bond.

3D-printing of enzymatic 8l|Page
biofuel cells



A GOD Enzyme

oH EDCQ/—N:: N Glucose Oxidase | "
e sl I Enzyme o l
| i NHs B N|Hz
1 | S BB 1) [ |
s s !
" GOD Enzyme

Glucose Oxidase

glutaraldehyde //\/\/\o Enzyme //\/\/\/ GOD Enzyme
—_—

NH, 2

; |

GOD Enzyme

Fig. 23 A typical enzyme immobilisation methods used for random enzyme
attachment on the gold: (A) EDC/NHS cross-linking, and (B) glutaraldehyde cross-
linking.2®

SPECIFIC ENZYME IMMOBILISATION

Although the excellent stability, versatility, and activity of the enzyme
immobilisation with random orientation looks promising, the relative positions of the
immobilised enzymes are random, and the orientations of the enzyme distribution are
not uniform.?!! As a result, the enzyme's active site may be masked, or the distance
between the active site and the electrode may be more than 15 A (required distance
for DET), affecting the ET between the electrode and the enzyme. In certain
circumstances, immobilisation may reduce the stability of the enzyme, such as when
the support may interact with the enzyme unfavourably.’* Immobilisation of enzymes

with specific orientation has been extensively investigated to enhance DET, stability,
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and activity. These researches aimed to keep the enzyme's active site near the current

collector to minimise the electron transfer distance.

ENZYME ENGINEERING TO ATTACH BINDING TAGS

Oriented covalent immobilisation is often chosen in these circumstances
because it inserts binding tags at certain locations in the biomolecule to precisely
regulate the placement of the covalent bond to the surface. The specific reactivity of
these tags and the chosen electrode surface govern the functionalisation approach.
The addition of binding tags that are easily attached during solid-state synthesis
procedures is rather simple in the case of nucleic acid oligomers and peptides, and
many industrial suppliers have the option to attach typical tags to termini, such as
amines, thiols, azides, and more. The connected biomolecule is subsequently
covalently bound to the sensing surface using these tags in processes similar to those
previously reported. However, since conventional methods often make proteins,
applying protein engineering techniques to add the required binding tags for
orientated covalent functionalisation may be essential. For instance, orientated
immobilisation may be achieved by introducing cysteine at specified sites in proteins
using enzyme mutagenesis procedures and directly attach on the gold electrode (Fig.
24).212 Zhang et al.?®3 provided a dicysteine tag at the N-terminus of a D-sorbitol
dehydrogenase in a recent example of cysteine tagging, enabling directed attachment
of this protein to a vinylphenyl-coated surface. Lee et al.?* tagged the streptococcal
enzyme's N-terminus with cysteine residues for thiol-gold reactions. The thiol group

on the cysteine molecule can make a strong covalent bond with gold, enabling the
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enzyme's active site to stay close to the electrode. The thiol group on the enzyme
bonds directly to the gold, unlike previous enzyme covalent immobilisation

techniques. This method has been used to study enzyme immobilisation in various

215 212 216

enzymes, including laccase, glucose oxidase, dehydrogenases, and

nitroreductase.?!”

However, this strategy has several flaws. A Cys-tag, for example, requires
complex enzyme engineering. Multi-step enzyme mutation increases chemical cost
and immobilisation time. This enzyme mutation may also impact stability and
activity.?!* Mutations reduce specific activity by 45-85% compared to naturally
produced enzymes, especially when active site residues are mutated.?!8 In addition,
enzyme attachment with a cys-tag depends on a single covalent link between the
cysteine and electrode; hence, enzyme attachment reduces significantly since only

one spot on the enzyme may bind to the gold electrode.
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Fig. 24 Graph showing how genetically altered glucose oxidase is utilised to
immobilise gold nanoparticles.?!? Through the engineering techniques, GOx has
been modified with Cys to possess specific binding properties that facilitate the
immobilization of AuNPs.

SELF-ASSEMBLED MONOLAYERS (SAMS)

One important element that has been used to induce orientation to the enzyme
is the charge distribution on the protein surfaces.3° The surface functionalisation of a
gold electrode through the Self-assembled monolayers (SAM) offers various
positive/negative/hydrophobic terminal functional groups, such as —COOH, —NH;, —
SOs3H, —CH3, and —OH, which may affect enzyme orientation due charged functional
groups of the electrode surface and charged amino acid residues of the enzyme
according to its surface dipole moment.?!?1% Different functional groups on the
surface of the enzyme can be introduced to change the orientation of the enzyme for
immobilisation. For example, the ratio values for modified gold surfaces with
aminoethylphenyl and carboxyethylphenyl layers indicate that the tilt angle of

Laccase is higher in the case of a positively charged aminoethylphenyl layer (Fig. 25).22°
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This molecularly oriented laccase cathode showed 37% higher power density and 43%
higher current density than the randomly bound laccase cathode.??! SAM on the
electrode surface protects enzymes from metal-enzyme interactions or an electric

double layer at the electrode solution interface.?%
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Fig. 25 Enzyme orientation with a different functional group on the gold surface.??°
The figure shows the angle of the immobilised enzyme alters based on the type of
the functional group on the substrate surface.

Rudiger et al.?1®222 immobilised hydrogenase on a gold electrode using this
approach. 4-amino thiophenol was employed to functionalise the gold plate. The
functionalised gold was then soaked in an enzyme solution to adsorb hydrogenase.

Next, an EDC/NHS reaction was done on the gold electrode to cross-link the enzyme
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and amine group (Fig. 26). Cyclic voltammetry demonstrated a considerable increase

in DET due to the electrostatic impact of 4-aminothiophenol groups on gold.

Fig. 26 Enzyme immobilisation through the Olaf et al.??? process. To immobilize the
enzyme, a 4-amino thiophenol amine is used to functionalize the gold surface with
amine group.

SAM techniques are attractive candidates for surface tailoring because of their
simple preparation from millimolar thiol solutions. Adsorption usually ends at the level
of monolayer coverage, with a surface coverage on the order of pmol.cm2. However,
the kind of thiol molecules, nature of the metal surface, immobilisation duration, and
thiol concentration??? all influence the layer's surface coverage, compactness, and
organisation. By reducing pinhole flaws or conformational errors in the alkane chains,
longer adsorption times and longer thiol chains are anticipated to produce a more

structured SAM layer.211,224

The reduction of aryl-based diazonium salts is another common technique for

preparing functionalised surfaces on carbon and gold electrodes (Fig. 27).21%??0 It is a
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promising technique to amine-functionalise the substrate surface as it is capable of
forming a stable bond with the substrate. The formation of mixed monolayers
promotes surface functionalisation by repeated electrochemical reductions of a
mixture of diazonium salts.??>2?7 The disadvantage is the difficulty of halting the
reaction at forming a monolayer. ET requires balancing a high ET rate and adequate
organisation to create a regulated SAM. Electron grafting of aryl compounds on
electrode surfaces involves generating and attaching highly reactive aryl radicals.??®
Pita et al.??’ functionalised the surface with amine groups by first immersing it in an
azonium salt solution. After that, the electrodes were modified using 6-mercapto-1-
hexanol (MH). This method provided several advantages to the modified surface. First,
it covered areas not affected by diazonium salt, inhibiting enzyme physical adsorption,
which may have led to its denaturation and diminished O; electro-redox reduction's
potential. MH scraped out any biological waste that had adhered to the electrode.
Third, a polar functional group (hydroxyl) that may establish hydrogen bonds, created
by linking strong anchoring groups (aminophenyl rings) with flexible chains in the
electrode nanolayer, should help immobilise protein molecules. As these enzymes
oxidise substrates containing hydroxyl groups, hydroxyl groups on the electrode
nanolayer may also promote enzyme orientation, as shown for cellobiose

dehydrogenase.?°2%27 This method improved the number of properly orientated

laccase molecules seven-fold. (Fig. 27).
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Fig. 27 Enzyme immobilisation through the Pita et al.??” process. Gold plates were
first immersed in an azonium salt solution to functionalize them with amine
groups. MH was then used to modify the electrodes.

ENZYME ORIENTATION ADJUSTMENT

WITH THE PH
Changing the immobilisation pH may modify the orientation of enzyme
molecules on the support, as protein group reactivity with the support is pH-
dependent.??® Dos Santos et al.?3® immobilised chymotrypsin on agarose at pH 5.0 to
10.0. Immobilisation decreased activity by up to 50% at pH 7 but had no effect at pH
5. This made the enzyme 4-5 times more stable than a formulation of glyoxyl agarose,
which is stable and, in some cases, more active than the free enzyme (170 per cent for
the enzyme immobilised at pH 10). By locating the region where multipoint covalent
immobilisation is easiest, which varies across enzymes, it may be possible to shift the
immobilisation orientation by adjusting the pH (Fig. 28). For instance, De Andrades et

al.?3! found that Pectinex Ultra Clear glucose oxidase was the most stable at pH 5.0.
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On the other hand, immobilisation of the same enzyme but from A. niger at pH 7.0
results in the highest stability. Tiago et al.?3? observed the enzyme's maximum stability
at pH 5.0. This variance in pH immobilisation stability was likely mediated by enzyme
orientation. The free enzyme was more stable than the immobilised enzyme at pH 7

but not at pHs 5 and 9. (by a 2 or a 6-fold ratio, respectively).

Fig. 28 The influence of immobilisation pH on enzyme surface orientation.?*? The
figure suggests that variations in pH can potentially alter the enzyme’s surface
charge, and eventually conformation and positioning of the enzyme molecules,
thereby impacting their catalytic activity and overall performance in the
immobilised state.

2.9. Knowledge gap

Significant research has been conducted over the last 20 years to enhance the
immobilisation of the enzyme and employ nanomaterials as current collectors to
boost the effectiveness of the EFCs. Even though the current density of EFCs has

increased noticeably, the majority of EFCs created in literature are nanomaterials
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made in simple disc or plate geometries, which hinders mass transfer and renders ET
ineffective owing to weak conductivity. This problem may be resolved if a high
conductivity 3D printed electrode can be produced. Among the techniques we've
spoken about here, VP procedures provide the highest printing resolution. Although
having high resolution, the properties of 3D-printed objects are influenced by as-
mentioned variety of factors.1° Particularly, the past efforts to create 3D electrodes
using VP were not practical because of the printed part's poor mechanical qualities
and low conductivity.** To employ VP for printing of the microelectrode in the
implantable EFCs, further work must be done to obtain both high resolution and
conductivity of the printed parts. This work sought to close this knowledge gap by
attempting to find optimum silanisation reaction for effective metal deposition to

achieve highest coating conductivity and adhesion.

A main challenge in coating the printed polymer with conductive metal is the
low affinity between the metal and the printed part. This causes the metal film to peel
off after coating. This problem may be resolved by properly functionalising the printed
component with thiol. It has been shown that the metal adhesion can be considerably
increased by salinizing the surfaces for thiol functionalisation. Therefore, several
investigations have focused on assembling silane monolayers and multilayers for both
rough and smooth surfaces. However, the influence of silanisation on the metal
coating of the complicated 3D printed item has not yet been explored. There is no
study being conducted to discover whether or not there is a relationship between the

silanisation reaction conditions and the quality of the metal coating, and no link
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between the adhesion and conductivity of the metal on the complex 3D-printed
polymer is being completely explored. This knowledge gap may be closed by trying to
print a silane- functionalised ink using DLP-based methods and analysing the surface

chemistry of silanised 3D printed components.

The enzyme has to be immobilised on the electrode to serve as an EFC.
Numerous efforts have been made to correctly immobilise the enzyme to increase its
stability, activity, and ET. However, the optimum approach to attaching the enzyme
to the gold electrode has not been compared thoroughly. This issue may be resolved
by first determining the optimum method for immobilising the enzyme by testing it

on Agarose and then extrapolating the protocol to the electrode that was 3D printed.

2.10. Conclusion of literature review

The most significant section of this literature review discusses the prospect of
using various additive manufacturing (AM) methods to print microelectrodes and the
immobilisation of enzymes on scaffolds for use in biomedical and industrial
applications. Due to technology advancements, 3D printing has developed into a
practical, effective, and affordable technique for creating customised electronics,
hence supporting their uses in biosensing, biotransformation, and biological power
production. Immobilised enzyme and substrate mass transfer as well as immobilised
enzyme activity can be enhanced by more logical enzyme immobilisation processes
and improved electrode design and manufacturing technology. Therefore, it is

required to further improve the 3D printing materials for electrode creation and the
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enzyme immobilisation technique. In the last ten years, conductive structure creation
using 3D printing and enzyme immobilisation techniques has advanced significantly.
Yet, various obstacles must be overcome in order to promote the technology to

become a powerful instrument for developing EFCs.

First, although there have been many studies describing 3D-printed electrodes, there
are still only a limited number of materials and printing methods that suitable for
printing parts with high resolution and conductivity. To maximise catalytic surface
area and immobilised enzyme quantity, high resolution is needed to build miniature
porous structures with a large number of interconnected pores, while high
conductivity is needed to improve electron communication between the enzyme and
the current collector.>?*3 The incorporation of conductive nanoparticles into
photosensitive ink is challenging because excessive nanomaterial loading of the
photoresist is required to obtain adequate conductivity, and this affects the
mechanical qualities of the printed part and the printing resolution of the
photoresist.6”848> Therefore, it is better to coat the 3D-printed polymer with metal to
get both high conductivity and mechanical qualities.®?! To do this, it is necessary to
perform more research and study on the printing materials, 3D printed part

modification techniques, and metal adhesion on the 3D printed.

Second, when the enzyme is oriented optimally, it will function most effectively.
The amount of electron transfer will decrease if the enzyme's active region is located
distant from the electrode. In order to immobilise the enzyme with the optimum

orientation, the immobilisation process should be controlled. Finding an optimised
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protocol for enzyme immobilisation seems to be the most practical option when
compared to other selective enzyme immobilisation techniques since it has no
negative effects on the stability and function of the enzyme. Enzyme immobilisation
on the natural substrate (e.g. agarose) can be tested and optimised in a
straightforward and inexpensive manner.2%7.234 This technique was used as part of this
PhD research to determine whether immobilised enzymes were stable in a variety of
functional groups. A pH test was also conducted on the stability of immobilised

enzyme..?34

In conclusion, the advent of 3D printing technology in EFC fabrication presents
promising new avenues for developing implantable energy harvesting and biosensing
applications in the industrial and medical sectors. Further research and improvement
of enzyme immobilisation and material development for 3D printing will allow for
improved efficiency, reduced costs, and customise the EFCs, which is challenging to

accomplish with existing methods of EFCs manufacturing.
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CHAPTER 3

3. Research Methodology

The method used to create the 3D enzymatic biofuel cells is summarised in Fig. 29; a

more thorough explanation will be provided in the following sections.

Surface functionalisation
for gold coating

Printable ink formulation Enzyme immobilisation Electrocatalytic

characterisation

 Preparation of * Optimising the
functional monomer surface

* Optimising functionalisation
photoinitiator and reaction time to

e Finding the best * Setup the
functional group microelectrode

* Exploring the effect ¢ immobilise the
of pH on enzyme enzyme

photoabsorber achieve best coating
concentration adhesiop 'and

 Optimising the PUSLA conductivity
printing parameters

stability « Cyclic voltametry
e Explore the analysis

immobilised enzyme

activity and stability

Fig. 29 Schematic of the research methodology. The first step was to develop a
functionalised printable ink. Second, the surface of the printed part was
functionalised with thiol and then coated with gold. As a third step, an optimum
enzyme immobilisation protocol was discovered. Lastly, the protocol was used to
immobilise the enzyme on a 3D gold electrode to be used as an enzymatic
bioanode.

3.1. Materials
Irgacure®819, the photoinitiator used, was purchased from BASF. Apart ABTS,

Agarose, and Horseradish peroxidase, all other chemicals were bought from Sigma-
Aldrich and used without further purification. For the creation of the functional ink,
tetraacrylate monomer, (3-mercaptopropyl) trimethoxysilane (95%) monomer
functionalizing agent, hexylamine (99%) catalyst, and curcumin 98% (a
photoabsorber) were used. The MPTMS sol-gel was made using ethanol (99.9%),
hydrochloric acid (0.1 M), and thiol group to functionalise the surface of the printed

part. The gold electroless plating solution was made using Gold(lIl) chloride trihydrate
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(99.9%) and Hydroxylamine hydrochloride (99.9%) as a reducing agent. To optimise
the enzyme immobilisation method, glucose oxidase ( = 100,000 units/g) from
Aspergillus niger was used as a model enzyme and was bought from Sigma-Aldrich.
We utilised and bought agarose from Agarose Bead Technologies to identify the best
protocol for the enzyme immobilisation. The surface of the substrate was activated
for the enzyme immobilisation using a solution of 25% Glutaraldehyde grade |,
ethylenediamine, and cysteamine. Horseradish peroxidase (268 U/mg of protein) from
Thermo Scientific, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) from
Mannheim, and D-(+)-Glucose from Sigma-Aldrich were used for the enzyme activity
test. The dielectric polymer paste and ferrocene methanol were acquired from Sun
Chemical and Sigma-Aldrich, respectively, and used without further purification. Silver
paint (RS PRO Conductive Lacquer) was bought from RS Components. Deionised (DI)

water was used to make all of our aqueous solutions.

3.2. Methods

3.2.1. Synthesis of multifunctional acrylate monomer
The functional monomer was first made following Yee et al.?> synthesis

methods. The monomer was then combined with the different amount of the
photoinitiator and photoabsorber to create photocurable ink for 3D printing. Briefly,
equal moles of PETA (1.0 Equiv., 3 g, 8.51 mmol) and MPTMS (1.0 Equiv. 1.5 mL, 8.51
mmol) were stirred vigorously for five minutes. Hexylamine (0.1 Equiv., 0.111 mL, 0.85

mmol) was then added slowly, and the mixture was stirred overnight at 40 °C.
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1H NMR (500 MHz, CDCls) & 6.45 — 6.35 (m, 2H), 6.15 — 6.06 (m, 2H), 5.91 — 5.82
(m, 2H), 4.31 - 4.09 (m, 8H), 3.71 —3.63 (m, 1H), 3.56 (s, 9H), 3.52 — 3.42 (m, 1H), 2.80
—2.68 (m, 3H), 2.66 — 2.50 (m, 4H), 1.74 — 1.65 (m, 2H), 1.63 (s, 1H), 1.26 (d, J = 15.3
Hz, 1H), 0.74 (dd, J = 9.7, 6.8 Hz, 2H). 13C NMR (126 MHz, CDCls) & 131.67, 127.48,

62.30, 50.43, 41.98, 34.50, 26.52, 22.76, 8.42.

3.2.2. Preparation of photocurable resin
The photocurable resin was prepared by adding curcumin of 0.5 wt% as a

photoabsorber to the MP monomer. The mixture was stirred at 60°C for overnight.
Then, Irgacure 819 of 1 wt% as a photoinitiator was added to the mixture. The reaction
container was wrapped with aluminium foil to prevent photoreaction. The resin was

stirred at room temperature for 12 h before printing.

3.2.3. Degree of polymerisation
The degree of polymerisation (DP) was determined by Fourier-transform

infrared spectroscopy (FT-IR 4200, Shimadzu Co., Kyoto, Japan). Irgacure 819 was
added to the MP monomer at different concentrations (0.5, 0.75, 1.0, 1.25, 1.5, and
1.75 wt%). The prepared photocurable resin was placed in a 40 pL standard aluminium
sample pan and then photopolymerised using a UV lamp (396 nm) for 2 seconds. FT-
IR spectra of cured polymer and uncured resin were analysed to calculate DP based
on the peak areas of unsaturated C=C bond at 1650 cm™ and a carbonyl group (C=0)

at 1730 cm™ using Equation 1.

[Abs(czc)]Polymer

[Abs(C=C)]lmonomer X100 =1 -

Equation1 %DP =1 —

[f(€=0)/ [(€=0)],51ymer = LI (€=C)/ [(€=0) 1 pmomer
[J(€=0)/ J(€=0)] onomer
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3.2.4. 3D printing of microstructures
A projection micro stereolithography (PUSLA) system (nano Arch™ S130 by

Boston Microfabrication (BMF) Precision Technology Inc.) was used to manufacture
3D polymeric microstructures. First, 3D lattice models with different surface areas and
porosities were generated by AutoCAD software and digitally sliced into multiple
layers with a 10 um thickness of a single layer using BMF slicing software.
Photopolymerisation in the PUSLA system was performed under UV laser exposure
with the intensity of 80 mW/cm?. The exposure time for the first layer was set at 10
seconds to increase the adhesion of a printed sample on the stage. The remaining
layers were built with an irradiation time of 2 seconds and the delay time of 5 seconds
for each layer. After printing, the sample was washed with acetone for 30 seconds to
remove the residual resin. The 3D printed sample was then submerged in ethanol

overnight to remove unreacted monomers trapped inside the polymer matrix.

3.2.5. Evaluation of spatial resolution of 3D printed structure
The spatial resolution of a 3D printed structure was evaluated by quantifying

over polymerisation (OP) of a bridge shape model structure in z-direction using an

optical microscope and ImageJ software. The OP was calculated using Equation 2.%3°

Equation 2 OP = (M —1) x 100

tdesXhact

where tac is the thickness of the printed overhang, tqes is the thickness of the
designed overhanging (0.2 mm), hact is the height of the printed bridge, and hges is the

height of the designed bridge (0.84 mm).
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Angular accuracy was determined by comparing the designed component's
angle to the printed part's angle using the model structure of body-centred cubic (BCC)
lattice (Fig. 37G). The angle of the printed part was measured from the scanning
electron microscope (SEM) image using Autodesk Netfabb 2021 software. The

following equation was used to calculate the angular precision:

Angle of the designed part
Angle of printed part

x 100

Equation 3 Angular precision =
3.2.6. Thiol-functionalisation of 3D polymer structures

The 3D-printed polymer has shown that the material's surface contains
significant silanol groups used in the subsequent surface treatment procedure to
provide the ideal surface for gold coating. The reaction time for surface
functionalisation was optimised to provide the maximum adhesion and conductivity
of the coating. The sol-gel method was utilised to introduce thiol groups on the surface
of the 3D printed structure by following the protocol described by Jia et al.?3® Briefly,
the mixture of MPTMS with water at a 1:4 volume ratio, 10% (v/v) of ethanol and 3.3%
(v/v) of 0.1 M hydrochloric acid was stirred at room temperature for 30 minutes. The

resulting mixture was stored under ambient conditions for two hours.

The 3D printed polymer structure was submerged in the prepared MPTMS
solution for surface modification. The reaction time from one hour to three days was
investigated to find the optimal reaction time for introducing the highest thiol
functional groups. The sample was then immersed in ethanol for 12 hours to ensure

that unreacted MPTMS molecules were removed entirely.
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3.2.7. Electroless gold plating
The electroless gold plating process began with a seeding step that involved

immersing the thiol functionalised polymer (SG-MP) microstructures in the gold
nanoparticle solution (5.5x10% particles/mL) for 30 minutes and then sonicating the
solution for one minute in degas mode to remove any trapped bubbles within the 3D
printed lattice structure. The sample was thoroughly washed with water three times
using a bath sonicator in the delicate mode to remove unattached gold nanoparticles.
After the seeding step, the sample was submerged in 0.5 mL HAuCl4.3H,0 solution (5
mg/mL) and sonicated for 10 seconds in degas mode. The electroless plating process
was initiated by adding 0.5 mL of hydroxylamine solution (40 mg/mL) as a reducing
agent and sonicating the solution in a delicate mode. The electroless plating reaction
was completed within 7 minutes. The gold-coated microstructure was then washed

with deionised water three times.

3.2.8. Mechanical adhesion test
The mechanical adhesion between the deposited gold and the polymer

substrate was measured by sticking a high-performance clear 3M scotch tape to a 3D-
printed metallised polymer and then sharply peeling it off at an angle of 90 degrees.
The sample was analysed with EDX mapping before and after the tape test to measure
the adhesion of the deposited gold (Fig. 49). From EDX mapping images, the area of
gold was calculated using Imagel) software. The adhesion of the deposited gold was

determined using the following equation:
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Equation 4 Adhesion of deposited gold =

Area of remained gold after tape test

100

Area of deposited gold before tape test

3.2.9. Enzyme immobilisation
In order to get the enzyme immobilisation, the gold surface was first

functionalised by immersing it in a 1M solution of cysteamine over the night while
shaking it on the roller. After thorough washing, the electrode was placed in a PBS
buffer solution containing 5 ug/mL of the GOx enzyme in 5 mM PBS for an hour. The
electrode was then washed to remove unimmobilised enzymes. The electrode was
then immersed into the 1% (v/v) glutaraldehyde diluted in 50 mM of PBS at pH 7.0,
and the mixture was shaken for an hour to modify the amino groups on the enzyme
and support and permit the reaction between these groups located in the enzyme and
the gold. The immobilised enzyme was then washed and resuspended overnight in
PBS pH 8 (100mM) to maximise the enzyme-support reaction. The amount of
immobilised enzyme was estimated by comparing the activity of the enzyme solution

before and after the enzyme immobilisation process.

3.2.10. Preparation of  monoaminoethyl-N-ethyl-

agarose (MANAE-agarose) supports
Monoaminoethyl-N-ethyl-agarose (MANAE-agarose) was prepared according to

Fernandez-Lafuente et al.?3” This support was made by adding 200 ml of 2 M
ethylenediamine (EDA) solution at pH 10 to 35 g of glyoxyl-agarose support that was

already made. After 2 hours of moderate agitation, a final concentration of 10 mg/ml
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sodium borohydride was added. After 2 hours of gentle agitation, the MANAE-agarose
support was rinsed with 100 mM acetate buffer pH 4, 100 mM borate buffer pH 9, and

then distilled water.

3.2.11. Preparation of glutaraldehyde supports
According to Vieira et al.?%, glutaraldehyde support was created by activating

the primary amino groups of MANAE-agarose. 20 grams of MANAE-agarose were
suspended in 22.4 millilitres of 200 millimoles of sodium phosphate buffer with a pH
of 7. Following the addition of 33.6 ml of a 25% glutaraldehyde solution, the system
was stirred gently for 16 hours at room temperature. The activated support was

afterwards rinsed with water and vacuum-dried.
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3.3. Equipment
3.3.1. PuSLA

3D polymeric microstructures were created using projection micro
stereolithography (PUSLA) equipment (nano ArchTM S130 by Boston Microfabrication
(BMF) Precision Technology Inc.). First, using BMF slicing software, 3D lattice models
with various surface areas and porosities were digitally sliced into several layers, each
layer having a thickness of 10 micrometres. The PUSLA system's photopolymerisation
process was carried out using a UV laser with an intensity of 80 mW/cm2. To ensure
that a printed sample adhered well to the stage, the exposure period for the first layer
was set at 10 seconds. The subsequent layers were constructed with a delay time of 5
seconds between each layer and an irradiation period of 2 seconds. To remove any
remaining resin, the sample was rinsed with acetone for 30 seconds after printing. To
eliminate unreacted monomers trapped within the polymer matrix, the 3D printed

sample was subsequently immersed in ethanol for over night.

3.3.2. NMR
IH and 3C NMR Spectroscopy: NMR spectra were taken in deuterated

chloroform on a Varian 500 MHz spectrometer. *H and 3C chemical shifts were
referenced relative to CDCls (6 = 7.26 for *H and 6 = 77.16 for 3C). 1°F chemical shifts

were referenced automatically by the VnmrJ software program.

3.3.3. FIB-SEM
FIB-SEM (Zeiss crossbeam 550 microscope) was used to examine the cross-

section of the conductive 3D gold microstructure and measure the thickness of the

coated gold layer. In the microscope, the sample was tilted at an angle of 54 degrees.
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The Ga* beam was used to dig the rectangle (20 um x 5 um) at 30 nA. The Ga* laser
was then used for trenching the surface slice by slice. During SEM imaging, the in-lens

backscattered detector was operated at 2 kV to acquire cross-section images.

3.3.4. SEM
SEM (Hitachi TM 3030) coupled with an energy-dispersive X-ray (EDX) analyser

was used to examine the printing resolution, uniformity of gold layer and chemical

composition of 3D gold-deposited polymer microstructures.

3.3.5. XPS
The samples were analysed using the Kratos AXIS ULTRA with a monochromatic

Al ka X-ray source (1486.6 eV) operated at 10 mA emission current and 12 kV anode
potential (120 W). The spectra were acquired with the Kratos VISION Il software. A
charge neutraliser filament was used to prevent surface charging. The survey spectra
(binding energy range from 1400 eV to -5 eV) were acquired at a pass energy of 80 eV,
a step of 0.5 eV and a sweep time of 20 minutes and used to estimate the total atomic
% of the detected elements. The high-resolution spectra at pass energy of 20 eV, a
step of 0.1 eV, and sweep times of 10 minutes were also acquired for photoelectron
peaks from the detected elements. The spectra were charge corrected to the C 1s peak
(adventitious carbon) set to 284.8 eV. Casa XPS software (version 2.3.19 PR1.0) was

used for peak fitting and quantification.

3.3.6. ToF-SIMS
ToF-SIMS was carried out using a ToF-SIMS IV instrument (IONTOF GmbH).

Secondary ion mass spectra were acquired using a 25 keV Bi3* primary ion beam

delivering 0.3 pA in negative ion polarity mode. The primary ion beam was raster
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scanned over different areas with the total ion dose kept under the static limit of 10*3
ions/cm? for surface analysis. The ToF analyser was set with 200 ps cycle time,
resulting in a mass range between 0 and 3490 mass units and a low-energy (20 eV)
electron flood gun was employed to neutralise charge build-up. ToF-SIMS depth
profiling was done in dual-beam mode by raster scanning the 25 keV Bi3* primary ion
beam over a 100 x 100 um? region at the centre of 300 x 300 um? sputter craters
formed using a 5 keV Ari400 gas cluster ion beam (GCIB) delivering 1.5 nA (higher depth
resolution for near surface analysis) and 5 keV Arigo0 GCIB delivering 12 nA (lower
depth resolution for reaching buried interface). The measurement was performed in
the "non-interlaced" mode with a low-energy (20 eV) electron flood gun employed to
neutralise charge build-up. Data analysis was done using SurfacelLab 7.1. All ToF-SIMS
intensity maps were normalised by total ion counts to correct for topographic features
and subsequently normalised by the maximum profile intensity of each secondary ion.
Optical profilometry was used to determine crater depths after ToF-SIMS depth
profiling experiments and calibrate the depth scale in combination with information
obtained by FIB-SEM. Scans were obtained using a Zeta-20 optical microscope (Zeta
Instruments) in a Z range of 4.6 um. The number of steps was set to 328, allowing for

a z-step size of 14 nm.

3.3.7. Mechanical adhesion test
The mechanical adhesion between the deposited gold and the polymer

substrate was measured by sticking a high-performance clear 3M scotch tape to a 3D-

printed metallised polymer and then sharply peeling it off at an angle of 90 degrees.
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The sample was analysed with EDX mapping before and after the tape test to measure
the adhesion of the deposited gold. From EDX mapping images, the area of gold was
calculated using Imagel software. The adhesion of the deposited gold was determined

using the following equation:

Equation 5 Adhesion of deposited gold =

Area of remained gold after tape test
Area of deposited gold before tape test

100

3.3.8. Conductivity measurements
The conductive 3D gold electrode (2 mm x 2 mm x 0.5 mm) was manufactured,

and its sheet resistance (Rs) was measured using the Van der Pauw technique.?3?
Horizontal resistance (Ry) and vertical resistance (Rv) were measured using a four-
probe micromanipulator system (Micromanipulator, model MM 450PM) and a source
meter (Keithley 2400, Tektronix Inc., Shanghai, China) and Rs was calculated using

Equation 6. The average Rs was taken from three independent measurements.

The conductivity (o) of the deposited gold was calculated using Equation 7,
where the p is the resistivity and t is the thickness of the gold film acquired from FIB-

SEM analysis.
Equation 6 R: e ™RH/TRs . o=TRy/TRs — 1

Equation 70 = =
Rst

3.3.9. Enzyme activity determination
The activity of GOx was determined by recording the increase in absorbance at

414 nm produced by the oxidation of the ABTS® (e 414 = 36,000 M~ cm™! under these
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conditions) using a spectrophotometer V-730 Jasco (Madrid, Spain) thermoregulated
at 25 2C with magnetic stirring. The ABTS® assay was performed using 1.8 mL of 100
mM of PBS at pH 7.0 containing 0.5 mL of D-Glucose at 1M, 100 uL of ABTS® at 10
mg/mL prepared in 100 mM of PBS at pH 7.0 and 50 pL of horseradish peroxidase at
0.1 mg/mL prepared in 100 mM of PBS at pH 6.0. It was checked that the activity values
were maintained if using half or double of peroxidase, confirming that the activity
depends only on the amount of glucose oxidase. The reaction started when 50 pL of
the solution was added. One unit (U) of activity was defined as the amount of enzyme

that oxidises 1 umol of substrate per minute under the specified conditions.

3.3.10. Electrochemical characterisation
This gold-coated microelectrode was used to create an enzymatic bioanode. The

enzyme immobilisation was first tested on agarose to determine the best
methodology for immobilizing the enzyme. The optimum reaction protocol was then
applied to the enzyme immobilised on a gold electrode. A cyclic voltametry test was
performed on the gold electrode that had been immobilised with an enzyme to

measure the electrode's current output.

All electrochemical characterisations were performed using an Autolab
PGSTAT30 potentiostat/galvanostat from Metrohm Autolab (Utrecht, The
Netherlands) employing a three-electrode setup with a bioanode electrode as a
working electrode, a platinum mesh as a counter electrode, and the Ag/AgCl (3 M KCl)

as a reference electrode. To prepare the working electrode, an insulated copper wire
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was connected to the gold-coated electrode using silver paint and insulated with a

dielectric polymer before the enzyme immobilisation process.

The electrodes were immersed in phosphate buffer saline (PBS) (100 mM) pH
7.0. Before characterising the anode, N, was bubbled into the electrochemical cell for
10 min. Ferrocene methanol (0.5 mM) and glucose (50 mM) were added to the buffer
as a mediator and a substrate, respectively. Cyclic voltammetry (CV) was used for
electrochemical analysis at a scan rate of 10 mV/s. All potentials are presented in

relation to the standard hydrogen electrode (SHE).
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CHAPTER 4

4. Inks formulation and 3D-printing of functional
polymers

4.1. Introduction
Three-dimensional (3D) conductive microstructures fabrication has gained great

interest in the past decade for use in microelectronics applications,?*%?4! micro/nano-

242 and sensors.*8243244 3D microelectrodes have a large

electrochemical systems
surface area to volume ratio, which increases the catalytic surface and improves the
efficiency of enzymatic biofuel cells and electrochemical sensing sensitivity.247247 In
addition, the electrodes' 3D structure is beneficial for bioelectrochemistry and tissue
engineering applications since they more closely resemble the three-dimensional
structure of cells.?46248249 Moreover, a high surface area is required for better overall
electrode performance. Ideal 3D microelectrodes are sought after for their low

electrical resistivity, structural and chemical stability, repeatability, and low

production costs.

Extensive research has been done on several manufacturing techniques,
including injection moulding,2>%?>! electroplatings,?°*?>® screen printing®®* and
microfluidics?®> to manufacture 3D-microelectrodes. However, all these techniques
are restricted in their practical use due to their poor conductivity, high cost, and
limited manufacturability. Because of these factors, subtractive techniques are still
used to manufacture 3D microelectrodes, which are time-consuming, limited

geometries, and are prone to surface damage.** In contrast to subtractive
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manufacturing, additive manufacturing (AM) employs several additive processes to

build arbitrarily complex structures of different sizes.

As mentioned in the literature review, various AM methods such as
extrusion,?*®2>” powder bed fusion,?*® inkjet printing,>>® were used to make 3D
microelectrodes. However, all these techniques for manufacturing microstructures
have a limited resolution and electrical conductivity. For example, Blasco et al.?®°
effectively printed highly conductive microstructures using Direct laser writing (DLW),
creating conductive lines as small as 1 micrometer. It consists of a one-step process
where the intense heat generated by the closely confined laser spot converts metal
salts to metal atoms and forms nuclei (seeds) for future development into
nanoparticles. However, the resistance value produced by DLW was much higher than
the value typically utilised in electronics,** mainly due to separate metallic lines within
the polymer matrix.”® Additionally, the DLW cannot print arbitrary 3D shapes with a
high resolution because the nanoparticles generated in the photoresist scatter and
obstruct laser light, leading to unwanted polymerisation and metal nanoparticle
formation during laser irradiation,?*8> Thus, improving conductivity and printability
with this technique requires an extensive and sophisticated photoresist formulation

procedure.

Furthermore, this strategy is effective only if the working area of the target does
not exceed the size of the structure, which is usually is few hundred micrometers. A

building with a larger dimension must be created from separate parts and then
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stitched together in a precise sequence. This method fabricates inter-part

connections, influencing the structure's print speed, integrity, and conductivity.

Projection micro stereolithography (PuUSLA) is another AM method that has
recently gained much interest as it can create 3D components in a wide range of sizes,
from the microscale to the macroscale. The PUSLA has proven beneficial in several
areas such as tissue engineering,114261.262 gptical components,?®? anti-counterfeiting
labellings,?®* and manufacturing of bioinspired engineering materials and
structures.?®>2%7 |n this technique, the 3D-designed part first converts to 2D patterns,
projecting on the resin surface (Fig. 30 B). This process repeats to the UV projector on
the next layer on the platform. The procedure repeats until the whole structure is
built. This technique has also attempted to create conductive 3D structures with this
technique by adding conductive nanomaterials into the photocurable resin.6”.2%¢ The
printed part's poor conductivity prevented it from being used as an electrode in real

applications.

The method for producing 3D-printed polymers with functional groups on their
surfaces—surfaces that are easily modified with additional functional groups for metal
attachments—is described in this chapter. The photocurable resin was formulated by
adding photo initiators with varying quantities to get the highest level of
photopolymerisation. To provide the controllability in photopolymerisation
throughout the printing process, curcumin, a biocompatible photo absorber, was then
added. Then, all printing settings were optimised to achieve a compromise between

printing speed and quality (Fig. 30 B). This approach may create 3D-printed parts that
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can subsequently be functionalised with the appropriate chemical group to bind

organic or inorganic molecules (Fig. 30 C).
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Fig. 30 Process for the preparation of conductive 3D-microstructures: (A)
Preparation of functional resin for the Michael-thiol reaction between PETTA and
MPTMS, (B) 3D-printing of functional resin using PuSLA, (C) surface
functionalisation via sol-gel reaction

4.2. Photocurable ink formulation
As indicated in section 2.6.1, the photocurable ink comprises three main

components: acrylic monomer, photoinitiator, and photoabsorber. These ink
components were carefully chosen for this project, and each concentration was
optimised to provide the part's optimum printability, physical qualities, and chemical

properties.

4.2.1. Monomer Preparation
Acrylate monomers are often used as a monomer in all vat-photopolymerisation

techniques (for the reasons explained in section 2.6.2). However, most printed
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polymers do not feature functional groups like thiol and amine groups on the surface
to improve coating adherence after photocuring these traditional monomers.
Michael-thiol reaction was also used by Yee et al. to produce a series of PETTA
derivatives functionalised with different groups to be used as functional monomers.
Such photoresist provided PETTA's admirable crosslinking and writing resolution while
producing a surface with various functions of quite diverse kinds.®>°? The
functionalised acrylate was synthesised by reacting the multifunctional acrylate,
PETTA, with a thiol via the thiol-Michael reaction in a 1:1 molar ratio. Usinga 1:1 molar
ratio, they ensured that the final monomer mixture had an average of three acrylates
per one monomer molecule, sufficient for effective crosslinking. It is feasible to add a
silanol group to the monomer molecules by careful monomer design, allowing them
to remain on the surface after printing. The presence of trimethoxysilane on the
polymer surface opens up the option of using MPTMS sol-gel chemistry to attach thiol
groups to the surface of these structures. Therefore, the (3-Mercaptopropyl)

trimethoxysilane (MPTMS) was chosen to be reacted with PETTA, as shown in Fig. 30A.

'H and 3C NMR analysis revealed the successful thiol-Michael reaction for the
monomer synthesis. Fig. 31 shows the chemical structures of PETTA and MPTMS
functionalised PETTA (MP). The signals at 50.5 ppm and 8.25 ppm attributed to the
carbons for methoxy and SiCH,, respectively (Fig. 31b). Fig. 31f confirmed the
existence of MPTMS molecules in the monomer. In Fig. 31 a, ¢, d, and e, the presence

of signals shifts attributed to CH; at 170.73, 34.60, 26.62, and 22.86 ppm verified the
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MPTMS addition on PETTA structures, which are not present in the PETTA prior to

functionalisation.
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Fig. 31 13CNMR of PETTA And MP WITH MPTMS comparison before and after

Michaele-thiol addition. The figure shows successful binding of MPTMS to PETTA.
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The triplet signals assigned (2.75 and 2.60 ppm) in Fig. 32's 'THNMR further
demonstrate the effectiveness of the Michael-thiol reaction by highlighting the link
between PETTA and MPTMS. The presence of the singlet signal shows the existence
of methoxy groups connected to the MPTMS molecule (3.55 ppm). Another evidence
that MPTMS molecules are present in the monomer is the triplet signal with the
assigned number 8. To conclude the NMR analysis, it can be confirmed that the
Michael-thiol reaction between the PETTA and MPTMS was successful. Therefore,
after printing of this monomer, it is expected that to have free silanol group on the

polymer after printing for further functionalisation.
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Fig. 32 'H NMR spectra of the MP. NMR results confirm binding of MPTMS to

PETTA.

The monomer's viscosity is a significant variable that directly affects printing

speed because, in the VP printing process, replacing a new resin layer takes longer
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when the monomer's viscosity is higher. In order to accomplish reliable printing, the
resin's viscosity should be less than 5 Pa 5.259 The MP monomer developed for this
study has a viscosity of 0.94 Pa at a shear rate of 10 S'!, demonstrating that the

viscosity is adequate for printing (Fig. 33).
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Fig. 33 The results of rheological investigation done on MP monomer using a
rotating rheometer.

4.2.2. Optimising photoinitiator concentration
After successful preparation of the monomer, the photoinitiator was added to

the monomer, to make it UV curable. Irgacure 819 was selected because of its
biocompatibility, which opens up the possibility of using 3D printed microstructures
for bioelectronic devices such as implantable biofuel cells (as detailed in more detail
in section 2.6.3).113270.271 Tq find the optimal amount of photoinitiator, the degree of
polymerisation (DP) analysis was performed as the efficiency of the reaction between
monomers is anticipated to impact the printed polymer's mechanical and physical

characteristics.?’?
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As shown in Fig. 34A, during the polymerisation of MP, the C=C group of acrylate
binds together to form a single C-C link. Therefore, through the FTIR analysis, the
degree of polymerisation can be estimated by considering the reduction in alkene
area and rise in alkane area (Fig. 34B). Equation 1 has been used to calculate the DP.
The optimal concentration of Irgacure 819 to achieve the highest DP was determined
to be 1 wt% using Fourier transform infrared (FTIR) spectroscopy at different
concentrations ranging from 0.5 wt% to 1.75 wt%. The DP, calculated from the peak
areas of unsaturated C=C bond at 1650 cm™ and C=0 bond at 1730 cm™! of uncured
resin and cured polymers (MP polymer), increased with the concentration of Irgacure
819 up to 1 wt% and then decreased at higher concentrations (Fig. 34C). This might be
due to the rapid and high production of free radicals and the rapid reaction with

monomers which competes with polymerisation.?’3
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Fig. 34 Polymerisation of MP. The polymerisation reaction by exposing the UV
light. FTIR spectra of MP before and after photopolymerisation (b). Degree of
polymerisation in different concentrations of Irgacure 819 (c).

4.3. 3D printing of photocurable resin
After preparing the photocurable ink, the printing was tested with BMF

microArch™ S130 micro-SLA. This printer uses DLP technology, which can make the
parts with ultra-high resolution (down to two um?). The printer is built upon BMF’s

patented Projection Micro Stereolithography (PuSLA) technology, a technique that
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allows for rapid photopolymerisation of an entire layer of liquid polymer using a flash
of UV light at micro-scale resolution. A digital light projector screen, DMD, vat (resin
tank), build plate, and build plate elevator are the fundamental elements of a DLP 3D

printer (Fig. 35).

DLP: A DLP 3D printer's light source is a digital light projector.

DMD: The Digital Micromirror Device (DMD) is a part that is made from tens of
thousands of micromirrors and is used to guide the light beam that the digital light

projector projects.

VAT: The vat is a tank for the resin.

Membrane: To allow the resin to be cured by the light emitted by the digital

light projector, the vat must have a clear top called a membrane.

Platform: The printed part attached to a stage during printing is called the build

platform.

Stage-Z1 Lift: A self-explanatory component, the z-axis lowers the construction

platform gradually when printing.
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Fig. 35 Schematic structure of BMF PuSLA. As depicted in the figure, the resin vat
holds the liquid photopolymer, the build platform supports the object being
printed, the laser sources UV light for curing the resin, the lens focuses the laser,
and the Digital Mirror Device (DMD) precisely controls light patterns for layer-by-
layer resin curing.

The designed 3D model was first virtually sliced into 2D image layers by the BMF
software slicer (Fig. 36A). The vat was then filled with resin. The construction platform
was then lowered into the resin tank, and the resin was added next (Fig. 36B). When
the build platform is almost level with the resin, there is little room between the build
plate and the bottom of the vat. The space left between the build plate and the bottom

of the vat determines a printed layer's height. The distance between the two was set
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to 10 microns. The DMD uses projected light to create the layer's picture, which is
subsequently directed to the clear vat top in the layer's pattern (Fig. 36A). The resin is
cured into a solid, creating the first layer when the layer's image reaches the top of
the vat. The construction platform descends several levels and then goes back up one
layer below to make room in the vat for the next layer to be cured. Then, the digital
light projector flashes a picture of the layer to the top of the vat once again, causing
the next layer to solidify. Until the complete 3D component is done, that procedure is

repeated.

Fig. 36C displays the printing settings used to print the sample. The quantity of
photos scheduled for printing in each printing step is shown in the first column. The
subsequent step in photocuring each layer is exposure time (Exp-t) light exposure. The
Exp-t was set to be 2 seconds for all the layers except the first layer. The first layer
exposure time was set 10 seconds to ensure the attachment of the first layer to the
building platform. The moving distance (M-d) is the distance that stage moves down
while wanting to replace the next printing resin. The M-d was set Imm in this instance.
This distance should be higher when the viscosity of the resin is higher. The delay time
(De-t) refers to the time the stages stay down to replace the resin for the next layer.
If the ink is more viscous, the De-t should be longer since viscous resin takes longer to

flow and replace on the printing platform. The Moving upward (M-u) is the distance
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the lift needs to come up for the next printing layer. For our instance, since the printing

layer is 10 um, the moving down 100 um and then 90 um upward.
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Fig. 36 3D printing of the resin using BMF S130. (a) Schematic presentation of the
printing process. (b) Photo of setting up the vat, platform, and membrane. And (c)
Software settings for printing parameters.

The Kolb et al.?*> method was used to evaluate the printing quality. Comparing

the designed portion to the printed part is the foundation of this approach. In order
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to create overhanging components with a high z-resolution, this approach examines
the role of light absorbers in managing the curing depth of resin material. A unique
model item called the "bridge-test part" was created with a high overhang to measure
the dimensional correctness of the printed parts in the z-axis (Fig. 37 A). As shown in
Fig. 37 B, the first attempts to print the MP resin in the form of a "bridge-test part"
were unsuccessful. Each layer that was printed is much larger than the destined
component. The printed portion, which is so large as seen in the inset, protrudes from
the printing platform. This is due to two factors: First, light penetrates the resin more
than desired depth,, and second, polymerisation continues even after light exposure
and causing unwanted polymerisation. Adding a small amount of curcumin as a photo-
absorber helped to address this over-polymerisation (OP). Curcumin prevents the OP
by absorbing free radicals, halting the polymerisation immediately after light
exposure, and controlling how much light can enter the transparent resin. As shown
in Fig. 37 C, the printed component is similar to the planned part. Each layer was 10
um thick, as specified in the printing settings (Fig. 37 D). The OP, determined using
Equation 2, was as low as 7.60%, demonstrating excellent dimensional printing
precision. The PUSLA can create high-quality prints with a nominal resolution of 2 um
in the XY direction and 5 um in the Z direction. Using these capabilities, more complex
geometries were tried to be printed. By comparing the interaxial angles of the
designed and printed lattice structures, the angular precision of the printed sample
was evaluated using a body-centre cubic (BCC) lattice structure (Fig. 37 E-H). The BCC

lattice was selected as a model structure because it has all the required geometries,
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including pores, tiny struts, and overhangs, to build complicated structures with a
large surface area that may be used for biofuel cells and biosensors. The layer
thickness of the printed lattice structure in Fig. 37E is 10 micrometres (Fig. 37F), and
the angular accuracy of 82.5% shows the excellent resolution of the printed sample

from all directions (Fig. 37F, 43G).

Length = 10.05 pm

Fig. 37 Printing quality analysis. (A) Evaluating the Z-axis printing quality according
to the Kolb et al. model. the high overhanging bridge test part was designed. (B)
The printed resin without a photo-absorber. (C) The resin is printed with a photo-
absorber. A magnified view of printed resin with a photo-absorber. (E) SEM image
of 3D printed BCC lattice structure, (F) Magnified SEM image of 3D printed BCC
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showing the thickness of a single printed layer, (G) Designed angle of the BCC
model, and (H) Measured angle of the printed structure.

4.4, Summary
The PUSLA is a promising approach to producing components in a quick, high-

resolution, and broad printing scale window from two pum to 50 mm. If the monomer
is created using Michael-thiol reactions, the surface of the printed component may
contain functional groups. In this method, three of the PETTA's four arms are
responsible for polymerisation, while one arm of the PETTA connects to the
MPTMS' thiol group. The Michael thiol reaction was carried out in the PETTA and
MPTMS to create the monomer, which was then validated by *CNMR and *HNMR
studies. The photo initiator concentration was then researched to obtain the
maximum degree of polymerisation. The highest degree of polymerisation is shown
by the 1 weight per cent of the photo initiator. After selecting the appropriate printing
settings, such as exposure duration, delay time, and printing thickness, the printing
process was then set up. The use of the proper quantity of curcumin as a
photoabsorber made high-quality printing feasible and revealed the low OP. More
intricate shapes were produced successfully using this method. The angular precision
study validated the high resolution of printing (87.5%) in the XY-axis. This improved
printing method may open the door for using other DLP printers to produce large-

scale parts with high amount of functional groups on the surface.
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CHPTER 5

5. Surface functionalisation and electroless gold
plating

5.1. Introduction
Coating a 3D printed part with metal using the electroless plating (EP) technique

can be a possible solution as it can quickly deposit a wide variety of metals on 3D
polymeric templates.47912L143 This method makes continuous and compact metal
coating possible, which results in high conductivity.'*® The following procedures
generally achieve the EP of a 3D-printed polymer: 1) surface preparation, 2) surface
activation by seeding, 3) electroless plating and 4) sintering. Surface preparation and
seeding are necessary for creating homogeneous and continuous

metalisation 116,119,121,274,275

Different techniques have been developed to assure adhesion of the metal layer
to the polymer surface. These include physical and chemical procedures such as
etching, plasma, and UV treatment.'?’~122 However, conventional surface preparation
has two major difficulties that directly impact the quality of the deposited metal and
its conductivity. First, if the adhesion of the physically adsorbed metallic coating is not
strong enough, it will flake off once the plating procedure is complete.*?%*47 Second,
When utilizing UV and plasma for 3D surface treatment, coverage of very complex
geometric structures is often limited by line-of-sight restrictions. As a result, the

interior surfaces of three-dimensional objects remain untreated.!?812°
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In my PhD research, a thiol adhesion layer is introduced between deposited
metal microstructures and 3D-printed polymer microstructures in order to improve
adhesion.. The layer provides strong interaction between gold and polymer structure,
resulting in improved adhesion and high conductivity. Our method of manufacturing
3D printed conductive microstructures includes the three main steps 1) 3D printing,
2) surface functionalisation, and 3) electroless gold plating of polymer
microstructures. First, the photopolymerisation procedure using PuUSLA was
established by optimising the ink formulation and the printing process (as indicated in
the previous chapter) (Fig. 38A). Second, the sol-gel reaction using 3-
mercaptopropyltrimethoxysilane (MPTMS) was carried out to achieve multi-layers of
thiol groups on the polymer surface (Fig. 38B). MPTMS was selected for the
functionalisation reaction since it can be covalently bonded to the surface of the 3D-
printed polymers via hydrolysis and condensation of silanol, and the thiol group on
the other end of MPTMS can form a covalent bonding with gold atoms via gold-
thiolate during electroless gold plating in the 3™ step. Finally, electroless gold plating
(Fig. 38E) was carried out to deposit a thin coating of gold. Due to thiol functionality,
this approach offers stronger metal adhesion to polymer structures than other
methods.122276.277 Additionally, high conductivity is achieved without the need for
sintering. This research can result in an improved electrode performance and aid in

developing fuel cells and biosensors.
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Fig. 38 Fabrication of robust 3D conductive microstructures: (A) 3D printing of
functional photocurable resin using PUSLA, (B) Introduction of interfacial adhesion
layer by surface functionalisation with MPTMS, (C) Electroless gold plating of a 3D
printed polymer microstructure.

5.2. Surface functionalisation using sol-gel reaction
Good adhesion between polymer structures and deposited metal is crucial for

long-term and reliable device performance. To achieve this, thiol functionality was
employed on the surface of the 3D-printed polymer via the sol-gel reaction using
MPTMS (SG-MP), which leads to the formation of gold-thiolate bonding for better
adhesion. Fig. 38B depicts the process in which hydrolysed silanol groups are
assembled on the polymer surface and form a network following immersion in MPTMS
sol-gel.?’”® The use of sol-gel technology enables the creation of a 3D network

appropriate for the various surface functionalisation. Sol-gel-derived inorganic
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materials are especially desirable for biosensor manufacturing due to their ability to
be created under ambient conditions and their adjustable porosity, excellent thermal
stability, and chemical inertness. Additionally, unlike UV and plasma treatment, the
sol-gel technique does not have grain size and pore diameter limitations for slurry
infiltrations. Therefore, the 3D-printed complex structure's inner surface can be

uniformly functionalised by the liquid sol-gel, as it can enter the printed pores.?”®

Using XPS and ToF-SIMS analysis on the materials before (MP) and after (SG-
MP) the sol-gel process, the surface thiol functionality and concentration were
investigated. For XPS and ToF-SIMS analysis, the surface sample has to be flat.
Therefore, the sample needed to be printed as a cube. Since the sol-gel layer forms on
a extreme surface, it is crucial to protect the functional group from any physical harm
that may result from handling or mixing the sample and touching the vial wall. In order
to protect the surface and make the top and bottom sides of the surface distinct, four
pillars were added (Fig. 39A). These physical harms may be sufficiently powerful to
destroy each coating. As shown in Fig. 39B, even after gold coating, the edge of the
pillar's gold layer was damaged by contact with the vial wall during the reaction.
However, the cube's core, which was used for surface characterisation analysis, was

still intact. This demonstrates the effectiveness of the pillars in keeping the sample
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surface untouched for characterisation.

(a) Protective pillars Surface for analysis

Fig. 39 The prepared sample for surface functionalisation analysis. (A) designed
cube with four protective pillars. (B) The SEM image of 3D printed cube.

The X-ray photoelectron spectroscopy (XPS) was used to confirm surface
functionalisation and find a link between sol-gel reaction time and gold coating
quality. XPS analysis on the 3D printed polymer (MP polymer) revealed characteristic
Si2p at 102 eV and O1s at 532 eV for alkoxysilane (-Si-(OCHs)s3) groups and S2p at 163.8
eV for thioether (C-S) bond, confirming the successful implementation of alkoxysilane
groups on the polymer surface (Fig. 40). These alkoxysilane groups take part in the sol-
gel reaction with MPTMS in the next step to build the interfacial adhesion layer for

gold deposition.
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Fig. 40 XPS analysis on 3D printed MP polymer. (A) Survey scan spectrum. High-
resolution spectra of (B) Si2p, (C) O1s, and (D) S2p.

An interfacial adhesion layer with thiol functionality was introduced by the sol-
gel reaction of MPTMS with alkoxysilane groups on the surface of the 3D printed
microstructure. The sol-gel reaction was carried out for differing reaction times (tunc)
ranging from 1h to 3 days to find optimal functionalisation reaction time, and the
amount of thiol groups was estimated using XPS analysis on the samples before and
after the sol-gel reaction. The atomic percentages of S and Si relative to C of the
surface functionalised polymer (SG-MP polymer) after the sol-gel reaction at tfnc = 3d
were increased by three times compared to those for the MP polymer (tfunc = Oh),
confirming the successful formation of the thiol adhesion layer consisting of MPTMS

(Table 4).
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Table 4 The XPS spectra of the 3D printed polymer before functionalisation showed
the presence of the three main elements (C, O, S, and Si) in different atomic
percentages (at%). After functionalisation, the spectra showed an increase in the
at% of S, which corresponded to the increase in functionalisation reaction times.

Sample Element (At%)
C1ls O1ls |S2p | Si2p
MP 68.30 | 25.95 | 2.45 | 3.30

SG-MP functionalised for 1h 66.68 | 26.32 | 3.34 | 3.66
SG-MP functionalised for 2h 65.58 | 25.86 | 4.03 | 4.53
SG-MP functionalised for 3h 64.88 | 25.08 | 4.79 | 5.26
SG-MP functionalised for 4h 63.63 | 25.59 | 5.03 | 5.75
SG-MP functionalised for 1day | 59.86 | 23.70 | 6.06 | 10.38
SG-MP functionalised for 2day | 62.51 | 20.60 | 7.48 | 9.41
SG-MP functionalised for 3day | 60.24 | 24.73 | 6.64 | 8.39

The high-resolution S2p core level spectrum for the SG-MP polymer shows the
peak at 163.8 eV. assigned for free thiols, and no oxidised sulphur was found (Fig.
41A). The atomic percentage of S2p for free thiols increases with tfunc, confirming the
formation of thicker MPTMS adhesion layers at longer tsnc (Fig. 41B). The high-
resolution Cls spectrum of the SG-MP polymer also supports the formation of the
thiol adhesion layer. The Cls peak in Fig. 41C was resolved by peak fitting into three
chemical states: C-C at 285.0 eV, C-S/C-0 at 287.0 eV and O-C=0 at 289.0 eV. The peak
at 289.0 eV is assighed to be 0-C=0 moieties of PETA from the MP polymer,?%° and
reduction of this peak after sol-gel reaction indicates the introduction of thiol

adhesion layer on the surface of the MP polymer (Fig. 41D).
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Fig. 41 XPS analysis on 3D printed polymer with thiol functionalisation (SG-MP
polymer). (A) high resolution S2p core level of the SG-MP polymer prepared at tfunc
= 3h. (B) the atomic percentage of S2p of SG-MP polymer after thiol
functionalisation at different tsunc. (C) High resolution C1s core level of the SG-MP
polymer prepared at tsunc = 3h. (D) The proportion of O-C=0 moity to other Cls
chemical states of the SG-MP polymer at different tsunc.

The successful introduction of the thiol adhesion layer was also supported by
time-of-flight secondary ion mass spectrometry (ToF-SIMS) analysis. The SH- signal (at
32.98 u) for the SG-MP polymer was enhanced compared to the MP polymer shown
in TOF-SIMS spectra data (Fig. 42A). The C3H30 peak (at 55.02 u) corresponding to the
methoxy group was significantly decreased after the sol-gel reaction, which might be
attributed to the hydrolysis of the methoxy group during the reaction (Fig. 42A).

Furthermore, the intensity of the SH™ signal shown in ToF-SIMS mapping images

3D-printing of enzymatic 133 | Page
biofuel cells



confirms that free thiols are distributed evenly throughout the surface (Fig. 42B and

480).

1 > x50.00 [
> () ‘ (IMP10 |
3 01 [
[}

i

£

‘g Ll | TV PET L\JL}LLA-L‘-LL, sl )

Z [*%000 ()SGMP 1.0 [
>

=

w

c 0.1 [
)

3

= 1 | [ [

1 Fl IV VTN merad 2 \A;'hJ“'lq_,.J__hc-e‘i‘, h‘{“&-‘&.}x L‘m_vxm L .

100 200 300 400 600 700

m/z

S

Centre Mass (u)

Assignment

K 24.00 C2-

8
32.98 Hs-

8

A 55.97 C_25-

2
71.02 C_3H_30_2-
59.97 Si0_2-
25.00 C_2H-

12

- 15.99 o-

8

. 31.97 5
43.97 cs-

2

0 55.02 C_3H_30

Fig. 42 Surface chemical composition analysis of 3D printed polymers before (MP
polymer) and after surface functionalisation with MPTMS (SG-MP polymer). ToF-
SIMS mapping data of (A) MP polymer and (B) SG-MP polymer. (C) ToF-SIMS
spectra of MP polymer and SG-MP polymer. (D) Peak assignment in ToF-SIMS

spectra.
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5.3. Electroless gold plating

The continuous gold layer was deposited on the 3D polymer microstructure (SG-
MP polymer) by the following steps: i) seeding with gold nanoparticles (AuNPs) and ii)
electroless gold plating by reduction of gold precursor to Au(0). The solution's colour
gradually changed from yellow to colourless throughout this procedure. The polymer's
colour changed simultaneously from clear to brown to gold (Fig. 43A-C). This is
confirming the autocatalytic process (as described in Section 2.7.2) in which gold
nanoparticles (seeds) catalyse the reduction of gold ions to gold metal, causing their
growth. The AuNPs continue to grow until they unite to form a thin, conducting layer
(Fig. 42D-G). AuNPs can be attached to the thiol-functionalised adhesion layer during
the seeding step. The AuNPs-seeded polymer was then soaked in an electroless plating
solution containing gold precursor (HAuCls) and a reducing agent (hydroxylamine) and
sonicated for 7 min for continuous gold growth on the surface. These AuNPs on the
surface act as a catalyst in the electroless plating reaction and help to reduce Au3* to
Au(0) by hydroxylamine preferentially on the AuNPs seeded sites. In addition, during
the plating procedure, the thiol groups on the surface of the SG-MP polymer are
deprotonated in the plating solution and interact strongly with Au3*, resulting in a high
concentration of Au3* on the polymer surface for continuous gold growth and thus the

formation of a uniform gold layer on the surface.?81-284
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Fig. 43 Electroless plating process. (A) gold salt solution without sample. (B)
Electroless plating solution after adding sample. (C) The gold coated sample after
EP reaction. Schematic presentation of electroless plating process: (D)
Functionalised sample in the EP solution, (E) seeding, (F) GNP growth, and (G) thin-
film forming.

This surface functionalisation and EP procedure was used to coat complete
lattice structures. As shown in the SEM image, the coating was damaged (Fig. 44A),
particularly in the edge section. This was ascribed to the physical harm done when the
sample was touched to the vial when it was being shaken through the EP plating. To
safeguard the new lattices via sandwiching them between two flat platforms. As can
be observed in Fig. 44B, the protective layer was effective in shielding the lattice while
the coating held up well. It has been observed that the coating is not occurring

completely uniformly and that the corners are not being coated, as shown in Fig. 44C.
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Because it helps produce a more uniform gold coating (Fig. 44D) by reducing the
creation of large gold agglomerations weakly bonded on the surface, sonication during
electroless plating was used to solve this issue. Additionally, it aids in the removal of
Cl, bubbles produced during the reaction that obstruct the electroless plating

solution's ability to penetrate the lattice structure.

Fig. 44 SEM images showing the EP of diamond lattice structure. The electroless
gold plated lattices with (A) and without (B) protective layer. The electroless gold
plated lattice structure through the EP reaction with (C) and without (D)
sonication.

It was noticed that this method only works well with the SG-MP polymer with a
thiol interfacial adhesion layer. The MP polymer without thiol groups does not provide
strong adhesion between created gold and the polymer surface. Hence, the weakly
bound gold on the MP polymer was detached from the surface during sonication,

leading to reduced gold left on the surface (Fig. 45). On the other hand, the thiol
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interfacial adhesion layer on the SG-MP polymer provides strong binding sites for gold
such that sonication only disturbs weakly bound gold and does not affect the

deposited gold with strong adhesion.

Shaked

Sonicated

Fig. 45 Comparison of shaking and sonication of gold coated samples. On samples
not functionalised with thiol, shaking through the electroless plating reaction,
provided better gold coverage, whereas sonication failed to form gold attachment.
As opposed to this, when a sample is functionalised with thiol, gold is also
deposited when it is sonicated.

The 3D gold electrodes of three triply periodic minimal surface (TPMS) lattice
structures were successfully fabricated: diamond, gyroid, and primitive (Fig. 46A-C).
The electrodes with these lattice structures are particularly interesting for applications
requiring large surface areas with ideal stiffness, such as biosensors and compact,
lightweight fuel cells with high energy density.*! The diamond (D) lattice structure, for
instance, exhibits excellent mechanical properties and highest surface area among all
the TPMS lattice structure.** The D-Lattice structure printed in this research with

dimensions of 2x2x2 mm shown in figure Fig. 46A provides provides surface area of
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64.6 mm? making it ideal geometry for EFCs and enzymatic biosensor applications.
Gyroid (G) lattice structure (Fig. 46B) provides lower surface area (54.2 mm?), but it is
highly attractive for tissue engineering as it is found in various natural systems,
including biological tissues and certain minerals.?®>28¢ |ts biomimetic nature makes it
an attractive choice for bio-inspired designs and applications, such as tissue
engineering scaffolds or lightweight structural materials inspired by natural
structures. Primitive lattice structure (Fig. 46C) in contrast provides least surface area
(42.2 mm?) but have the highest fluid permeability through the sub-volumes, which
makes them suitable for applications as ultralight structural materials and tissue

engineering scaffolds.?®”
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Fig. 46 SEM images of electroless gold plated 3D microstructures: (A) Diamond,

(B) Gyroid, and (C) Primitive. (D) FIB-SEM analysis on the cross-section of the
electroless plated sample prepared from the SG-MP polymer at tsunc = 3h. Inset
shows the magnified image showing the average thickness of 354127 nm, (E) Effect
of thiol functionalisation time on electrical conductivity of gold deposited samples.

* The reference sample (0Oh) was electroless plated using a gentler mixing method

(wu) ssauyoiyl
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since the gold did not adhere to the surface during sonication. The error bars show
the standard error of the mean of at least three independent experiments.

The developed methodology ensures the uniform deposition of gold on both the
lattice top surface and the inner surface of pores within the structure, as
demonstrated by SEM and energy dispersive X-ray analysis (EDX) mapping data (Fig.
47A, 51B). The morphology and gold deposition were observed by Energy-Dispersive
X-ray (EDX) spectroscopy. EDX map that collected on the scale of 3.5 mm x 2 mm of
the coated polymer confirmed further details on the smooth, conformal Au coatings
(Fig. 47C). The EDX spectrum in Fig. 47D exhibits an evident peak corresponding to the

high amount of Au after electroless gold plating.
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Fig. 47 Surface chemical composition of gold-coated SG-MP (tfunc=3h) polymer using
EDX. (A) SEM images of Diamond lattice structure showing the gold within the
inner part of the 3D-structure. (B) EDX mapping data of the cross-section of gold-
coated diamond lattice structure indicating the unform gold deposition inside the
lattice structure. (C) SEM image showing EDX mapping signal of Au shown in red.
(D) EDX spectrum proving the existence of Au, O, Si, and S.

5.4. Electrical conductivity
The sheet resistance (Rs) and electrical conductivity (o) of the deposited gold on
the 3D printed polymer structure (2 mm x 2 mm x 0.5 mm) were measured using Van
der Pauw method and calculated from Equation 6 and Equation 7, respectively.?® The
average thickness of the deposited gold layer was evaluated to be 330 £ 60 nm using
focused ion beam scanning electron microscopy (FIB-SEM) (Fig. 46D). | note that the
conductivity of the electroless gold plated sample was improved by the introduction

of thiol interfacial adhesion layer and increasing tsunc. Since electroless plating on the
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MP polymer in a sonication mode does not create gold on the surface, the reference
sample (tfunc = 0 h) electroless plated in a soft agitation mode for the conductivity
measurement. The conductivity (o = 1.4x107 S/m) of the sample with thiol interfacial
adhesion layer (tfnc= 1 h) was one order magnitude higher than that (o = 4x10° S/m)
of the sample without an adhesion layer (tfunc= 0 h) (Fig. 46E). The highest conductivity
(o0 = 2.2x107 S/m, 53% of bulk gold conductivity) of the deposited gold layer was
achieved from the sample prepared at tiunc = 4 h. The conductivities of the samples
prepared at tjunc= 1 d and tjunc = 2d were slightly lower compared to the sample at tfunc
=4 h. This might be due to non-uniform, thick layer of MPTMS polymer formed at

longer tsunc during surface functionalisation,?®® leading to the formation of rough gold

layer with uneven thickness (Fig. 48).

Fig. 48 Thickness measurement of the deposited gold on 3D printed
microstructures using FIB-SEM. Cross-section images of the electroless gold plated
samples prepared from the SG-MP polymers with (A) 4 hours, (B) 1 day and (C) 2
days functionalisation time. The scale bar is 1 um.

5.5. Interfacial adhesion
The mechanical adhesion between the deposited gold and the polymer scaffold

was measured by applying a high-performance clear 3M scotch tape on the electroless

gold plated sample and then peeling it off from the sample at an angle of 90 degrees.
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The sample before and after adhesion test was analysed using SEM coupled with EDX.
The adhesion of the deposited gold was quantified by estimating the area of gold from
EDX mapping images before and after the adhesion test (Equation 4). Each sample was
tested at least five times to ensure reproducibility and consistency. Without the
introduction of the interfacial thiol adhesion layer, only 15 + 2% of deposited gold
remained on the polymer surface after the tape test, indicating poor adhesion (Fig.
49A). However, interfacial adhesion of the deposited gold layer was significantly
increased by introducing the thiol adhesion layer shown in Fig. 49B. The maximum
interfacial adhesion (97% of gold survived from adhesion test) was achieved from
electroless gold plating of SG-MP polymer at tmunc = 4h. | attribute the enhanced
adhesion to the strong bonding between thiols and gold at the interface between the
deposited gold and the polymer surface. The decrease in the amount of deposited
gold and adhesion for the sample at tfunc = 1d and 2d was observed. This might be due
to the delamination of physically adsorbed MPTMS from the surface of SG-MP
polymer during electroless plating in a sonication mode and adhesion test. A similar
phenomenon was observed from the adhesion failure of electroless nickel-
phosphorous film on the surface of silicon wafer where weakly bound multilayer

grafting of alkoxysilane was formed on the silicon wafer.?®
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Fig. 49 Effect of thiol functionalisation on interfacial adhesion between the
deposited gold and the polymer surface: (A) The percentage of gold remained on
the polymer surface after adhesion tape test. (B) EDX Au mapping data before and
after adhesion tape test.

5.6. Interfacial analysis

To investigate the interfacial bonding between the gold and the polymer
surface, the surface and interfacial composition of a gold coated 3D microstructure
were examined. XPS and EDX analyses were performed on the SG-MP polymers (tfunc
= 4h) before and after electroless gold plating. For the SG-MP polymer without gold
coating, the S2ps/2 peak appears at 163.8 eV, indicating the existence of the free thiols
on the polymer surface (Fig. 50A). To confirm the gold-thiolate bonding using XPS, the
sample was prepared with a thin gold layer by reducing the electroless plating time
from 7 min for thick gold coating (330 + 60 nm) to 3 min. The S2p core level of the SG-
MP polymer coated with a thin gold layer exhibits the shift of the S2ps/, peak to 163.2
eV, indicating the gold-thiolate bonding (Fig. 50B).2°° The Au4f7/, peak of the thin gold-
coated sample appeared at 83.6 eV for Au(0), with a shoulder at 84.2 eV. The shoulder
peak at 84.2 eV might be attributed to the discontinuous gold islands formation on

the polymer surface and charged when the photo-hole is not promptly neutralised
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(Fig. 50C).%°* This peak disappears for the thick gold coated sample shown in Fig. 50D,

indicating the successful formation of the dense and continuous gold film.
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Fig. 50 XPS analysis on electroless gold plated polymers with different gold layer
thicknesses. (A) and (B) demonstrate the S2p core level of the SG-MP polymer
before and after depositing a thin layer of gold, respectively. The shift in S2P core
level confirms covalent S-Au attachment. C and D show the Au4F core level spectra
of the SG-MP polymer with a thin and thick gold layer, respectively. This shows
that the gold layer on the surface after complete electroless plating is uniform.

ToF-SIMS depth profiling in combination with FIB-SEM was used to investigate
the interfacial chemical composition and estimate the thickness and homogeneity of
the interfacial adhesion layer of the gold-coated sample. The normalised ToF-SIMS
depth profiles of the gold coated sample (tfunc = 4h) in Fig. 51 show the interfacial

adhesion layer consisting of gold-thiolate bonding characterised by AusS and AuCS
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and MPTMS evidenced by the signals of SiO? and CSC™ with an estimated thickness of
50 nm between the deposited gold layer (Au™ rich area) and the polymer surface
(C3H30; abundant region). XZ cross-section mapping images reconstructed from the
depth profile data in Fig. 51B-5F reveals the formation of a homogeneous interfacial

adhesion layer across the sample.

The successful introduction of the interfacial adhesion layer and strong gold-
thiolate interfacial bonding formation during electroless plating ensure the uniform
and compact deposition of the gold layer on the polymer surface, leading to high
electrical conductivity and strong adhesion. This methodology will allow simple
fabrication of 3D conductive microarchitectures with various design form factors and
surface area and provide the device reliability and performance because of strong
adhesion, offering potential for novel electronics, including sensors and energy

devices.
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Fig. 51 Interfacial chemical composition analysis on gold deposited sample (tfunc =
4h) using ToF-SIMS analysis. (A) ToF-SIMS depth profiles of the sample. Cross-
section maps along XZ direction of (B) Au?, (C) CHO, (D) SiO,, (E) AusS, and (F)
overlay of the signals for (B), (c), (D), and (E). (Red: Au?, Yellow: AusS, Blue: SiO,,
Green: CHO).
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5.7. Summary
This work demonstrated a method to fabricate robust 3D conductive

microstructures using PUSLA coupled with electroless plating. The poor adhesion
between a metal and a polymer, one of the main issues with electroless plating, was
solved by introducing a thiol interfacial adhesion layer on the 3D printed polymer
surface. The thiol groups on the polymer surface provide strong bonding with gold
during electroless plating, confirmed by surface and interfacial analysis by XPS, EDX
and ToF-SIMS, leading to uniform gold layer formation and thus high electrical
conductivity. An adhesion test conducted on the 3D conductive gold samples
demonstrated that nearly all deposited gold remained intact after the adhesion test.
In addition, the samples were highly conductive (2.7 x 107 S/m), demonstrating
significantly improved interfacial adhesion. This method enables interface engineering
between the polymer and the deposited gold layer to achieve good adhesion. It
provides a solution to overcome the limitation of the existing production method for
the fabrication of complex and sophisticated microelectrodes with strong interfacial

adhesion for biosensors and bioelectronics applications.
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CHAPTER 6

6. Enzyme immobilisation

6.1. Introduction
The need for biocatalysts for industrial usage is growing daily in the twenty-first

century since enzymes provide gentle, effective, and affordable reactions. However,
several distinctive characteristics of the enzymatic proteins, such as their non-
reusability, high susceptibility to various denaturing agents, and their loss of stability,
is a barrier to the efficient usage of enzymes. Fortunately, immobilised enzyme can
remedy these flaws by increasing the product's durability, reliability, reusability, and
specificity. It has been demonstrated that immobilizing the enzyme on rigid structures,
inducing rigidity in the enzyme, and improving its stability. The stability of enzyme is
one of the main factors must be improved for practical application of EFC in the
biomedical applications. This stability is required as it directly impacts on the EFC
lifetime and efficiency. The stability in the EFC is dependent to two main factors of
enzyme initial stability, and enzyme immobilisation method. The aim of this research
in this section is to investigate these two factors in order to achieve the highest

enzyme stability on the gold electrode printed in 3D.

6.2. Characteristics of glucose oxidase (GOx)
The most common enzyme in enzymatic biofuel cells and sensors is GOx from

Aspergillus niger because of its high selectivity for glucose, stability across a wide
range of temperatures, and stability in pH, including physiological pH.?°? The GOx, a

dimeric, glycosylated flavoprotein, catalyses the conversion of glucose to
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gluconolactone and, as a byproduct, produces hydrogen peroxide.?3* Each monomer
has a flavin adenine dinucleotide cofactor (FAD/FADH;) in the core of its highly
covered active site. The free GOx uses molecular oxygen as an electron acceptor while
also producing hydrogen peroxide to catalyse the oxidation of D-glucose to gluconic
acid.?® In the case of the EFCs, the electron that was cleaved off the substrate is sent
to the electrode to produce current (Fig. 3 and Fig. 52). The effectiveness of such
devices is strongly influenced by the inherent enzyme immobilisation, which has a
direct impact on the rate at which electrons are transferred from the FAD/FADH;

redox centre to the electrode surface, and a lifetime of the EFCs.

Product
(gluconolactone)

Fuel
(glucose)

Flavin
cofactor

Fig. 52 Schematic representation Glucose oxidase that catalyses the oxidation of
glucose, and releases electrons.?** The electron then transfer from enzyme
cofactor to the electrode.

To immobilise enzymes in an optimal manner, it is essential to investigate their

surface charges, functional groups, and geometrical properties before employing
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them in EFCs. The factors that may affect enzyme stability can be broken down as

follows:

o Temperature: Most enzymes can be used, handled and stored under low-
temperature conditions (0°C-4°C). However, some enzymes are unstable at

room temperature and should be stored frozen in liquid nitrogen or -80°C.

e Enzyme concentration: Although the stability of the enzyme varies depending

on the nature and purity, in general, the enzyme protein is stable at a high
concentration, and at a low concentration, it is easy to dissociate and adsorb

and even prone to surface degeneration.

¢ pH and buffer: Most enzymes are only stable over a specific pH range, and

stability is reduced beyond this range. The type of buffer sometimes affects

the stability of the enzyme.

To study as-mentioned factors in GOx, the free enzyme was first evaluated to
find its stability in different environments. First, the enzyme was tested in PBS at room
temperature. As shown in Fig. 53A, the free enzyme in a 3ug/ml concentration is
inactivating at room temperature. The enzyme remained stable within the first two
hours, and no decrease was observed. The enzyme was quite stable, and it only lost
about 30% of its initial activity even after three days. Therefore, it was justified that
the enzyme would preserve its initial activity during the immobilisation, which usually
takes less than one hour. The enzyme stability was then tested to see if there was any

connection between the enzyme concentration and stability. Since the enzyme is
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stable, inactivating it and determining its stability takes a long time. The enzyme was
inactivated at a higher temperature (50 °C) to acquire the data quickly. Fig. 53B shows
no significant difference in the enzyme stability formed even after increasing the
enzyme concentration 15 times. The GOx was tested in different buffers to see if it
impacts its stability. After 150 minutes, the GOx in the different buffers reached half-
life, and no significant difference was observed (Fig. 53C). It is evident that GOx
from A. niger has a broader pH range, as the pH and buffer type do not impact

significantly in the stability. Therefore, GOx immobilisation conditions could be tested

in various pH and buffers.
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Fig. 53 Free enzyme stability test. (A) Free enzyme stability at room temperature.
(B) Free enzyme (dissolved in the water) stability in different concentrations at
50°C. (C) Stability of free enzyme in three different buffers of carbonate,
phosphate, and acetate at 50°C.

6.3. GOx immobilisation
The demand for biocatalysts for biomedical use is increasing daily, as enzymes

provide mild, efficient, and low-cost reactions. Nonetheless, the effective use of

enzymes should be hampered by some peculiar properties of the enzymatic proteins,
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such as their high sensitivity to several denaturising agents and their loss of stability
during time. These defects can be removed by using the enzymes in their immobilised
form. It improves firmness, safety, reusability, and target action, which are
advantageous for EFCs. As indicated in section 2.8.3, enzyme immobilisation with
covalent bonding is the most reliable technique to attach the enzyme for the EFC
application. Immobilising an enzyme via multipoint covalent attachment, in a specified
form, on pre-existing supports is one of the promising ways to make it stiffer. This
technique for stabilizing enzymes is based on the need that the relative positions of
all groups involved in immobilisation remain constant under all experimental
circumstances, with the only movement allowed being that determined by the spacer

arm's length (Fig. 54).2%7

Multipoint covalent immobilization:
the relative positions of all groups
involved in the immobilization must
remain uncharged under any
conformational change

LT L,

Fig. 54 The schematic presentation of enzyme immobilisation by multipoint
covalent binding.??’

Numerous GOx immobilisation protocols have been identified. However, it is

unknown which is the most effective for immobilizing the enzyme on a gold electrode.
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This is because each support has distinct physical and chemical surface features that
may either increase or decrease the immobilised enzyme's stability. As a solution,
testing the immobilisation of enzymes in inert support, where the only existing
physical or chemical groups are those introduced by the researcher, was proposed.?®
An optimum immobilisation strategy can then be extrapolated to other supports after
analysing the effects of immobilisation on the inert support. One particularly effective
support in this respect is agarose beads, which are suitable for this use.?%” Therefore,
to determine which approach can immobilise the enzyme with the highest degree of
stability, | functionalised the agarose beads with several functional groups and tested
the enzyme immobilisation. GOx was then immobilised on the 3D-printed gold

electrode using the optimal immobilisation technique.

To find out which immobilised enzyme is more stable throughout the

inactivation process, | evaluated the following hypotheses for GOx immobilisation:

e GOx can immobilise on an aldehyde-activated surface: Various enzymes

have been stabilised by multipoint covalent attachment using aldehyde-

activated surfaces such as glyoxal agarose.?96-2%

e Crosslinking with glutaraldehyde enhances the stability: Enzymes

adsorbed on aminated supports may be crosslinked with the support,300-301
or pre-activated using glutaraldehyde chemistry.302303

e |Immobilisation pH can impact enzyme stability: The immobilisation

reaction pH can affect the enzyme orientation and stability, as indicated in

section 0.
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e (Cysteine and/or Cysteamine activated surface can be used for GOx

immobilisation: Cysteine and cysteamine are attractive compounds for

functionalising the gold surface with amine for GOx attachment.176,304-306

6.3.1. GOx immobilisation on Glyoxyl functionalised surface
To test this hypothesis, glyoxal agarose was prepared according to the Guisan

method.?*® The support was prepared by etherifying the primary hydroxyl groups of
the support with Epichlorohydrin to introduce diols, which are later oxidised with
sodium periodate to get the glyoxal group (Fig. 55A and B).2°> Theoretically, the
surface of the GOx contains Lysine molecules, providing a free amine group on the
surface that can attach to the short aldehyde group on the glyoxal -agarose and for

the very strong multipoint covalent bond.

(a)
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Fig. 55 The preparation and use of glyoxal agarose and enzyme immobilisation. (A)
The etherification and reduction of Epichlorohydrin generate a diol group on the
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agarose surface. (B) The diol's oxidation process produces glyoxal-agarose. (C) The
aldehyde group on glyoxal agarose may connect to the amine group on the Lysine
enzyme.

The enzyme should be immobilised on glyoxal-agarose under alkaline
conditions, as described by Mateo et al.??’. Consequently, this enzyme immobilisation
procedure was conducted at room temperature, pH 10 (5 mM), and with roller
shaking. As seen in Fig. 56A, although the activity of the reference GOx remained
constant, the activity of both the suspension and supernatant diminished
progressively. The activity of the supernatant decreases faster than that of the
suspension, suggesting that certain enzymes are immobilised on the support.
However, the rate of immobilisation on glyoxal-agarose was relatively slow, and the
immobilised enzyme is not very stable since its activity decreased by more than 20%

over the course of four hours. Only 24% of the enzyme was immobilised during four
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hours on the glyoxal-agarose, showing that the immobilisation rate was not effective

(Fig. 56B).
30
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Fig. 56 Immobilisation of the GOx enzyme on glyoxal-agarose. (A) enzyme activity
of suspension and supernatant during GOx immobilisation reactions. (B) Average
GOx immobilisation rate.

This poor GOx immobilisation on glyoxal may be attributed to three main
factors. First, it may be related to the low ion exchange between the enzyme and the
support. As a result of ion exchange interactions, the enzyme adsorbs on the base
surface, facilitating the formation of a dense and stable crosslink network between
the enzyme and the support material.3%® Second, the final enzyme stabilisation
obtained by the short spacer arm may also potentially be the source of reducing the
enzyme activity as the reduction of the enzyme mobility will be more severe. And
finally, the shorter spacer arm results in a lower number of covalent bonds (Fig. 57). A
shorter spacer arm restricts the distance between the enzyme and the support
surface. This limited accessibility can reduce the number of available binding sites on

the support for the attachment of the enzyme. Consequently, fewer covalent bonds
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can be formed between the enzyme and the support, resulting in a lower number of

bonds overall.207

Very short spacer arm
Low number of enzyme - support bonds
II I III Ill III II ||| II I III/ nghenzyme rlgldlflcatlon byeach
enzyme-support bond

Ny

Long spacer arm
Higher number of enzyme - support bonds
Lower enzyme rigidification by each
enzyme-support bond

I

Fig. 57 Effect of spacer arm length on multipoint covalent attachment's ability to
stabilise enzymes.?°” When the spacer arm is longer, more binding occurs between
the enzme and the support.

6.3.2. GOx immobilisation on amine functionalised support
Immobilizing enzymes on glutaraldehyde-activated supports has been primarily

used on supports previously activated with amine groups. Therefore, the supports are
positively charged; hence, the immobilisation is usually promoted through a two-step
mechanism: in the first step, the enzyme is adsorbed on the support via an anionic
exchange mechanism, and then the covalent immobilisation occurs. In this work, the
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surface of agarose beads were functionalised with amine, and two different

crosslinking approaches were tested:

- Amine functionalised agarose first pre-activated with glutaraldehyde, then

involved with the GOx immobilisation reaction

- Amine functionalised agarose first involved with GOx immobilisation, then

crosslinked with the glutaraldehyde

6.3.3. GOx immobilisation on glutaraldehyde pre-activated

support
As mentioned in the previous section, it has been pointed out that the length of

the spacer arm can significantly alter the immobilisation results.3%° therefore, the GOx
immobilisation was tested on monoaminoethyl-N-ethyl-agarose (MANAE-agarose).
The MANAE-agarose was prepared according to Fernandez-Lafuente et al.,?3” and pre-
activated with glutaraldehyde according to Vieira et al.?38 to have a longer spacer arm

for GOx attachment (Fig. 58).
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Fig. 58 Schematic presentation of MANAE preparation and GOx immobilisation. (A)
preparation of MANAE. (B) pre-activating of MANAE with glutaraldehyde. (C) GOx
immobilisation on glutaraldehyde activated MANAE.

As the Gox immobilisation on the pre-activated MANAE may occur across a wide
pH range, the immobilisation was evaluated in three different buffers of Acetate pH
5.0, PBS pH 7.0, and Phosphate pH 9.0 to see whether the pH difference can alter the

stability of the GOx, as described in section 2.8.3.

Fig. 59A shows that the immobilisation was fast, and all the enzymes were fully
immobilised since no activity was observed after 15 minutes in the supernatant
solution. This efficient enzyme immobilisation might be attributed to the longer
spacer arm, as shown in Fig. 58C. The presence of primary amino groups with low pKa
values between the glutaraldehyde molecule and the support surface is another factor
contributing to this quick immobilisation. This indicates that, even though the most
reactive amino group—the one with the lowest pKa—is theoretically what promotes

immobilisation of glutaraldehyde, in practice, this is accomplished through a two-step
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process: first, the protein binds to the support with the ionic exchange, and then,
second, a covalent reaction takes place. To see the immobilised GOx stability, the
thermal inactivation process was inducted. The immobilised enzyme was very stable
and did not reach its half-life within one day at 50 °C. Therefore, the thermal
inactivation temperature was increased to 55 °C to accelerate the inactivation. As
seen in Fig. 59B, the free enzyme reached its half-life within 15 minutes. However, the
adsorbed enzyme was slightly more stable and reached its half-life in 30 minutes. This
poor adsorbed enzyme’s stability on the MANAE may be attributed to the GOx
adsorbed on the support with weak physical adhesion. Therefore, it easily desorbs
through the inactivation process and lose activity. However, the stability has
dramatically increased when the enzyme is immobilised via covalent bonding with
glutaraldehyde.3% Fig. 59B shows that the immobilised GOx on the preactivated
glutaraldehyde is very stable since it reaches its half-life after 240 minutes. This
enzyme stability may be attributed to the GOx immobilising with multiple covalent
attachments on the longer spacer arms, which firmly keeps the enzyme on the
support.??” The immobilisation pH, however, had no significant effect on the GOx
stability. This might be a very rapid enzyme immobilisation process that does not let
the enzyme alter the orientation, or the enzyme has no significant charge distribution

on the surface.
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Fig. 59 GOx immobilisation results on pre-activated MANAE. (A) GOx
immobilisation rate. (B) Thermal inactivation at 55 °C, pH 7.0.

As shown in Table 5, the GOx lost a small amount of its initial activity after
immobilisation, mainly because of rigidification and the loss of enzyme freedom due
to the immobilisation. Following immobilisation, the sample was washed and
incubated for three days in a more alkaline PBS solution (pH 8.0) to get a multipoint
covalent attachment.?” Further rigidification and immobilisation of the enzyme

resulted from this process, which led to more activity loss.

Table 5 Activity loss after GOx immobilisation and incubating in pH 8.0. After
incubation at pH 8.0, enzyme immobilised in carbonate buffer loses less of its
initial activity compaired to the enzyme immobilised in higher pH buffer (PBS and
Acetate).

Carbonate PBS Acetate
Activity loss after the immobilisation 86.91% 86.23% 83.29%

Activity loss after incubating in pH 8.0 87.56% 77.50% 63.58%
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6.3.4. GOx immobilisation with glutaraldehyde crosslinking
Although this technique is very efficient in GOx immobilisation, immobilising the

enzyme for the EFC may not be beneficial. This is because the longer spacer arm
decreases the ET between the electrode and enzyme, as indicated in section 2.8.1. The
ET reduces exponentially for the spacer arms longer than eight carbons ~ 15 A. To
solve this problem, the enzyme was first physically immobilised on MANAE-agarose

before crosslinking with glutaraldehyde (Fig. 60).

Glutaraldehyde

Fig. 60 Schematic presentation of GOx on the MANAE and crosslinking with
glutaraldehyde.

The rate of enzyme immobilisation (with physical adsorption) on MANAE-
agarose was comparable to that of pre-activated MANAE. The enzyme adsorbed
MANAE-agarose was then washed and incubated for one hour with 1% glutaraldehyde
to crosslink the enzyme to the support. As demonstrated in Fig. 61A, the enzyme's
activity has reduced after adding glutaraldehyde. As previously indicated, this activity
reduction may be attributable to the enzyme rigidification and losing its freedom
because of effective covalent crosslinking. Similar to the pre-activated MANAE, the
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crosslinked GOx was inactivated in PBS with a pH of 7.0 and a temperature of 55 °C
(Fig. 61B). After 240 minutes, the activity of the crosslinked GOx on the MANAE had
decreased by only ~20%. This demonstrates that enzyme stabilisation is very effective
and efficient. In order to obtain the enzyme's half-life, the immobilised enzyme was
inactivated at a higher temperature (Fig. 61C). After four hours, the immobilised
enzyme achieved its half-life, and no significant difference was observed between the

immobilised enzyme at the three different pH levels.
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Fig. 61 GOx immobilisation using the crosslinking technique. (A) Residual activity of
GOx after adding glutaraldehyde through crosslinking. Crosslinked enzyme
inactivation at 55 °C (B) and 60 °C (C).

6.4. GOx immobilisation via cysteine and/or

cysteamine
A chemical with a thiol group on one side can be used to functionalise the gold

surface with an amine. Cysteine and cysteamine are attractive compounds for amine
functionalizing gold because the thiol group on one side of these molecules can tightly
bind to gold, and the amine group on the other may be utilised to immobilise certain
enzymes. To evaluate the efficiency of enzyme immobilisation on the amine group

that provides a similar surface to ethylenediamine-functionalised agarose (MANAE),
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the epoxy-agarose was functionalised with cysteamine (Fig. 62A-B). The resultant
immobilisation of GOx was equally effective as MANAE. Fig. 62E shows glucose oxidase
undergoes rapid ion exchange with Cysteine (Cys) on the anion exchanger; however,
it was only immobilised by a very small percentage using the mixed anion exchanger.
That means that the enzyme glucose oxidase was able to establish multiple ion
interactions using amino support, while no so much using an amino/carboxylic
support, in opposition to other enzymes, like penicillin G acylase that readily
immobilised in mixed ion exchangers but not in cation or anion exchangers.3!° That
way, the Cys activated support was discarded. After the glutaraldehyde treatment,

the activity of the immobilised enzyme was around 85% of the initial one.

Interestingly, the enzyme stability significantly increased after this treatment, as
previously reported using MANAE-agarose.?3* The free GOx and physically adsorbed
GOx on the cysteamine (Cys this sounds to cysteine, change-GOx) lost their activity
within one hour of inactivation at 55 °C. On the other hand, over 80% activity of the
GOx was observed even after four hours under these conditions. This should be
caused by promoting an intense enzyme-support multipoint attachment that
promotes enzyme rigidification, although some inter or intramolecular protein
crosslinking cannot be discarded.®>2%7 This immobilisation protocol, the amine
functionalisation with cysteamine and then glutaraldehyde treatment, was used to
immobilise the GOx on the gold electrode. All enzymes were quickly adsorbed to the
support, with no enzyme activity measured in the supernatant 15 minutes after

immobilisation. This high enzyme adsorption rate may be attributed to the presence
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of a primary amino group with a low pKa, which deprotonates rapidly and aids GOx

adsorption through an ionic exchange.

The adsorption phase may be helpful since it reduces the overall immobilisation
time. Nonetheless, the adsorption step also influences the enzyme's orientation on
the surface of the support, which in some circumstances might lead to a less active
and/or stable immobilised derivative due to a less suitable position for subsequent
covalent bond formation or limited substrate access to the active site.3% Therefore, it
is necessary to immobilise the enzyme using glutaraldehyde which does not absorb

enzymes fast.

To find the way to decrease adsorption rate, in this study, epoxide groups were
activated with cysteine, which includes a secondary amine with a higher pKa, and
enzyme immobilisation was examined on it (Fig. 62C). Enzyme immobilisation did not
occur. All enzymes remained in the supernatant, as shown in Fig. 62F. This may be due
to the development of one secondary amino group and one carboxylic group on the
surface due to the cysteine. This is because the total charge of this support area is
zero, preventing the adsorption generated by contact between oppositely charged
portions of the support and the enzyme. Therefore, this method may not be suitable
forimmobilizing GOx on our 3D-printed gold electrode. As a compromise, cysteine and
cysteamine were combined in a molar ratio of 0.8:0.2 on epoxy-agarose (Fig. 62D).
According to Fig. 68G, the GOx was completely immobilised slowly and effectively
after 90 minutes. Since the rate of enzyme immobilisation was slowed, it was

anticipated that GOx would have sufficient time to immobilise with a more favourable
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orientation to attain better stability. However, since the adhesion between the
enzyme and support was so poor, all immobilised enzymes were desorbed after

washing.

For this reason, the washing step prior to glutaraldehyde crosslinking was
removed. Although there was some activity in GOx-immobilised agarose, the overall
activity was much lower than in cysteamine-immobilised agarose because very little
enzyme was immobilised due to the decrease enzyme adhesion. Due to the decreased
effectiveness of enzyme immobilisation, this approach may not be suited for GOx

immobilisation for EFCs and will result in the EFCs' low power density.
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Fig. 62 Enzyme immobilisation on cysteine and cysteamine functionalised surfaces.
(A) Epoxide agarose. Surface functionalisation reaction with cysteamine (B), (C)
cysteine, and a combination of cysteine and cysteine with the molar ratio of 8:2
(D). Enzyme immobilisation (adsorption) rate on the agarose functionalised with
cysteamine (E), cysteine (F), and a combination of cysteamine and cysteine. While
enzymes are immobilised, the enzyme activity in the suspension (SS) drops slightly
due to immobilisation. But the activity of the enzyme in the supernatant (SPN)
drops significantly as the concentration of the enzyme decreases.

6.5.
The GOx can

Electrocatalytic characterisation of EFC
specifically interact with glucose and use enzymatic

electrochemical processes to transform it into gluconolactone. The electron may be

transported from the enzyme to the electrode under the right circumstances. This
168 |Page
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ideal circumstance is a function of the facile electron transport and the good
conductivity of the current collector. The porous gold structure is a good candidate for
EFCs due toits intriguing characteristics. These includes its 3D bicontinuous open pore
network structure, high surface-to-volume ratio compared to bulk metals, distinctive
electronic properties, nontoxic nature, high recyclability, and relatively simple
recovery.3!! Itis safe for implanting purposes because of its excellent biocompatibility
and high conductivity, which enables the flow of electrons between enzyme and
electrode. Thin nanoporous gold films have often been selected to be employed as an

electrode because of these characteristics.21,312-314

The development of the highly conductive 3D current collector and
identification of the ideal GOx immobilisation reaction has been discussed in earlier
chapters. This chapter explains how to immobilise the enzyme on a 3D current
collector to produce power from glucose by combining the previously stated methods.

The following procedures were used to set up the EFC:

e The wire was first connected to the 3D gold electrode (Fig. 63A)
e Optimum enzyme immobilisation, obtained from testing on agarose, was
conducted to attach the GOx to the gold through the following process:
o The gold microelectrode amine was functionalised by soaking it in 1M
of cysteamine (Fig. 63B).
o The sample was washed and immersed in 10mL GOx solution with

5ug/mL concentration in PBS 5mM (Fig. 63C).
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o The enzyme immobilised electrode was then washed and soaked in 1%
glutaraldehyde solution for one hour to crosslink the GOx to the

electrode (Fig. 63D).
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Fig. 63 Schematic presentation of 3D EFC bioanode preparation for electrochemical
characterisation. (A) Connecting wire to the 3D gold microelectrode. (B) Amine
functionalisation of the gold surface with cysteamine. (C) The GOx adhesion on the
electrode. (D) Crosslinking enzyme with glutaraldehyde.

The high conductivity of the gold electrode, along with the large catalytic surface
area produced by the electrode's 3D structure created in this work, enhances the

current output of the EFCs.

6.6. Bioanode preparation
An enzyme must be immobilised to produce an electrochemical current in

enzymatic biofuel cells. . As the first approach, the copper wire was connected to the
gold electrode using silver paste. The wire was then isolated using dielectric polymer
paste (Fig. 64A). The glucose oxidase was utilised to be immobilised on the gold
electrode. This is a dimeric enzyme containing one FAD molecule per enzyme subunit

and catalyses the oxidation of B-D-glucose to D-glucono-é-lactone producing
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hydrogen peroxide (H.0;) as a by-product, with molecular oxygen acting as an
electron acceptor.31>73!7 The glucose oxidase was utilised as a model enzyme since it

is often used in producing enzymatic biofuel cells.318319

To functionalise the gold electrode, cysteamine was utilised. This provided a
monolayer of primary amino-groups, converting the surface support in an anion
exchanger using cysteamine.320-322 Nevertheless, mere ion exchange wasn't sufficient
to produce a stable biocatalyst. For this reason, stabilising the enzyme via multipoint
covalent attachment was used,??’ using the glutaraldehyde chemistry in this first
approach. This is a very versatile immobilisation strategy,?3%39%:323, which has been
successfully previously applied to immobilise-stabilise this enzyme in MANAE-agarose,
obtaining the highest stability after treating the enzyme previously adsorbed on the
aminated support surface with glutaraldehyde.?3* Fig. 64B shows that 20% of the
offered enzyme activity was immobilised on the electrode surface within the first 30
minutes of the immobilisation reaction. That means 10 pg of enzyme was immobilised
on each gold lattice electrode. No enzyme immobilised after 30 minutes, suggesting

the electrode surface is saturated with the enzyme.
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Fig. 64 The preparation of enzymatic 3D gold electrode. Wire was first connected
to the electrode (a). The electrode was then involved with optimum enzyme
immobilisation reaction, in which 20% total amount of the enzyme immobilised on
the gold electrode (b).

6.7. Cyclic voltammetry analysis of bioanode
The electrocatalytic activity of GOx in the presence of glucose was compared

across the electrode surface of 3D-printed lattice and cube bioanodes using cyclic
voltammetry (CV). As shown in Fig. 65A, the CV analysis cell consisted of three

electrodes:

e The working electrode (WE): The GOx immobilised 3D gold electrode.
e The counter electrode (CE): Made of platinum wire.
e The reference electrode (RE): Reference electrodes have an electrochemical

potential that is constant, well-known, and well-defined.

The WE are where the chemistry of interest occurs, and the CE is the other half
of the cell. The applied potential (EA) is measured between the working electrode and
the counter electrode, and the resultant current is measured in the working or counter

electrode lead. The purpose of the reference electrode is to serve as a reference while
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monitoring and adjusting the working electrode's potential, without transmitting any
current. Based on the applied voltage change, the electron current—the product of
enzymatic activity in the WE—is measured. This analysis was carried out in PBS (100
mM, pH 7) saturated with nitrogen gas at a concentration of 50 mM glucose solution
and 0.5 mM ferrocenemethanol as a redox mediator. The 50 mM concentration of
glucose was chosen since it has been recognised as an optimum concentration for
bioanode performance.3?4#32> The 3D-printed cube bioanode did not show a significant
electrocatalytic oxidation effect in the presence of 50mM glucose, as shown in Fig.
65B. The 3D-printed diamond lattice bioanode, on the other hand, demonstrated a
clear mediated electrocatalytic glucose oxidation current observed by the increase of
the ferrocenemethanol oxidation wave while its reduction wave disappeared (Fig.
65C). The catalytic current of 2.5 pA at 0.35 V was measured per the 2 mm?3 of the
diamond lattice microelectrode, which is almost ten times higher than 0.27 pA current
of the cube microelectrode with the same dimension. The obtained results
demonstrate that the combined advantages of high conductivity and large catalytic
surface area of the 3D printed gold microelectrode significantly increased the
enzymatic anode efficiency for glucose oxidation and consequently enhanced the

current output of the EFC.
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Fig. 65 Application of 3D printed microelectrodes as an enzymatic anode: (A)
Schematic representation of the enzymatic glucose oxidation process inside an

electrochemical cell. Cyclic voltammetry curves of glucose oxidation with cube (B)
microelectrodes and diamond lattice form (C).
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6.8. Summary
This chapter thoroughly analysed the stability of the free and immobilised

enzyme. Various surface functionalisation and enzyme techniques were tested on
agarose to find the optimal protocol for GOx immobilisation. Several hypotheses were
answered using these techniques summarised in Fig. 66. On the aldehydes with short
spacer arms, the immobilisation of the enzyme is very poor. GOx immobilisation is
effective on amine-functionalised surfaces with long spacer arms. GOx immobilisation
by glutaraldehyde crosslinking and pre-activating, resulting in high stability of the
enzyme. The crosslinking method offers a smaller space between the enzyme and
support, making it more advantageous for EFC applications. The crosslinked enzyme
has the same level of stability as the pre-activated support. GOx immobilisation on
cysteine or a mixture of cysteine and cysteamine functionalised surfaces was not
achievable. So, the optimal method for immobilizing GOx is for our EFC is to
functionalise the surface of the 3D-printed gold electrode with cysteamine,
immobilise the enzyme by adsorption, and then add glutaraldehyde to create a

covalent crosslinking between the enzyme and the support.
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Fig. 66 An overview of the potential feasibility of immobilizing GOx using several

enzyme immobilisation techniques.
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DISCUSSION

7. Discussion

This work was conducted to create a reliable and effective 3D microelectrode
for use in EFCs. PUSLA makes it possible to create 3D microstructures with more
catalytic surface area, high resolution in the micro-regime, and fast printing speeds.!°
For the purpose of miniaturising EFCs, this printing resolution is essential because it
can creates large surface area to volume ratio (46.5 mm? per square centimetre for
diamond lattice). The stereolithography technique can only print a polymer that is
typically not conductive or just marginally conductive, which presents difficulties for
manufacturing microelectrodes. This issue was solved by adding a thiol-containing
adhesion layer on the surface of a printed polymer, which provides strong adhesion
between a polymer and metal coating via electroless plating and high electrical
conductivity. The surface of the printed item was then post-functionalised with thiol
groups to promote a strong chemical bond between the polymer and the gold that
was being deposited using the electroless plating method. Glucose oxidase was
immobilized on the gold electrodes via covalent attachment and tested as an
enzymatic bioanode to demonstrate the 3D printed microstructures for enzymatic

biofuel cells.

The findings in this research demonstrate that functionalising the multiacrylate
monomer, PETTA in this instance, using MPTMS vyields functionalised photocurable

monomer. While prior research has focused on the 3D printing of monomers using the
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2PP technique,®?

our findings reveal that the monomer can also be printed using the
PUSLA approach by adding appropriate amount of curcumin as a photo-absorber, and
Irgacure 819 photoinitiator. All the ingredients of this ink was carefully selected to be
biocompatible, so that it can be used as an implanting purpose and tissue engineering.
Printing this functional monomer with PUSLA enabled the fabrication of complicated
components on a bigger scale and more quickly than with 2PP. With the addition of
an optimal quantity of photoinitiator, the maximum DP of 70 per cent functional
monomer can be attained, which is higher in comparison to earlier comparable DP
investigations on acrylate monomer.326-32% A likely reason for this higher DP is that the
Irgacure 819 is more efficient with UV light of DLP-based printers than the IR light of
2PP, resulting in more efficient polymerisation. What can be clearly seen in Fig. 34C is
that the DP does not dramatically enhance while using a lower amount of
photoinitiator. Therefore, 0.5 weight per cent of Irgacure may be applied if the
photoinitiator is potentially toxic for implanting purposes, and a longer exposure time
may compensate for a little drop in polymerisation. Using curcumin as a
photoabsorber and optimising the printing parameters, the monomer could be
precisely printed to fabricate complicated shapes using PUSLA. However, the results
are not examined using other VP strategies to ensure their applicability. The

printability of the material may thus need to be investigated further using DLP and SLA

methods to fabricate a functional component at larger sizes.

The NMR results of the MP monomer prepared in this study back up the method

presented by Yee et al.??, who developed a method of PETTA functionalisation with
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MPTMS, which allowed for post-functionalising the 3D-printed microstructure with
different functional groups thanks to the presence of the silanol group on the surface.
However, the author did not attempt to ascertain whether it could silanise the printed
microstructure. This study shows the possibility of silanising the 3D-printed
microstructure with various functional groups for various applications. Although
extensive research has been conducted on functionalising the 3D printed polymer to
coat the 3D printed polymer with metal effectively, no study exists to quantify the
association between silanisation reaction conditions and coating and find a threshold
for the amount of the thiol for the coating. For this reason, the experiment in this
study offers a particular understanding of the relationship between the
functionalisation reaction time and the conductivity and adhesion of the gold that has
been deposited, as well as a threshold for the quantity of thiol needed for the optimal
gold coating. Thiol increases adhesion and conductivity by increasing the amount of
thiol on the surface up to four-hour sol-gel process. However, the adhesion and
decreased with longer functionalisation reaction time. This could be justified
according to the theory presented by Hsu et al, once the surface is saturated with the
sol-gel reaction, excess silane groups precipitate and attach to the surface with weak
physical attachments. The gold that attaches to the thiols also attaches to the polymer
surface with weak physical bonds.?8 After three to four hours of functionalization, the
polymer's surface appears saturated with silane groups, and further functionalization
does not seem to increase adhesion substantially. Therefore, the maximum level of

gold attachment may be attained after just three hours of a sol-gel reaction. This
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process allows gold plating a 3D-printed object to provide two additional benefits.
First, electroless gold may be created in any wet-chemical laboratory. Furthermore,
unlike the sputter method procedure, electroless gold coatings may be applied to
substrates with complex geometries.33® One intriguing finding is that this study's
optimal silanisation process yielded exceptional gold conductivity deposited on the
3D-printed structure. This is an improvement of four orders of magnitude above the
gold coating of the 3D-printed microstructure found in earlier study.'?! The reason for
this high conductivity may be attributed to the thiol groups on the substrate surface,
which draw gold ions and nanoparticles and form a thin, compact, and homogeneous
coating on the surface.33%332 For the same reason, in contrast to previous reports, the
deposited gold stayed intact even after a rigorous adhesion test. The evaluation of
various metal depositions on the functionalised components may also provide exciting
findings in creating a variety of metal foams, pointing to interesting avenues for future
research. The as-prepared 3D gold part has a large surface area and conductivity,
making it an ideal microelectrode for the EFCs. To immobilize the electrode optimally,
optimising the enzyme immobilisation reaction was explored.. While several efforts
have been made to immobilise enzymes by covalent bonding, a comparison of
different immobilisation proteolytic strategies was not discovered in a literature
study. In order to establish the suitable technique to immobilise the enzyme on the
electrode, the current investigation was made to ascertain the impact of the
functional group and spacer arm on the enzyme immobilisation. Surprisingly, the

enzyme did not immobilise on the agarose that had been chemically functionalised
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with an aldehyde group. The results disagree with those of Vieira et al.?*%, who
reported a GOx immobilisation yield of 71% on glyoxyl agarose support. This
discrepancy in findings may be due to the fact that enzyme suppliers use varying
methods of manufacture, resulting in somewhat varied enzyme surfaces. The poor
GOx immobilisation on the glyoxyl-agarose may be explained by Rodrigues et al.?%’
hypothesis, according to which the immobilisation of an enzyme relies not only on the
functional group on the surface but also on the enzyme's adsorption with ionic
exchange and spacer arm length. In accordance with idea, the GOx has connected to
the MANAE-agarose efficiently and rapidly. This enzyme immobilisation with the ionic
exchange, however, did not massively improve the stability of the enzyme since it lost

its activity immediately through inactivation process.

In contrast, the enzyme became very stable after covalent bonding. This finding
suggests that the enzyme is adsorbed onto the support surface with the assistance of
the amine groups, which are subsequently crosslinked by glutaraldehyde. Although
prior studies have emphasised the significance of amine functionalisation on the
immobilisation of the enzyme, no work has been done to study the difference
between the amine groups. Due to this, the effectiveness of the two amine groups
most often utilised for enzyme immobilisation was examined. The MANAE-agarose
test predicted that the GOx immobilisation would be very effective when the surface
was functionalised with cysteamine. Contrary to expectations, the immobilisation of
GOx in this investigation did not result in an effective immobilisation on the cysteine

functionalised agarose. Two key factors relating to the cysteine may be responsible
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for this poor enzyme adhesion. One reason is that cysteine is more difficult to
deprotonate and ion exchange with enzymes because of its secondary amine group,
which has a higher pKa. Second, the carboxylic group oxygens are negatively charged,
which likely repulses the enzyme's negative charge.3% This result contrasts with other
research that functionalised the support surface for the GOx attachment using

cysteamine, 176,304,333

In prior investigations, the glutaraldehyde pre-functionalisation of the cysteine-
activated surface may account for the discrepancy in findings. As a result, the
immobilisation of the cysteine was more successful because of the longer spacer arm.
This study did not attempt pre-activating the surface with glutaraldehyde since the
goal is to reduce the distance between the electrode and the enzyme to promote ET.
Because of this, it was determined that the cysteamine was the best functional group
to use in functionalising the gold surface for the GOx attachment to form the
bioanode. Despite these encouraging findings, there is still more that can be done to

understand better how surface charge affects the attachment of the enzyme.

Cyclic voltammetry was then used to evaluate bioanode effectiveness. The
results of this study support the idea that AM can improve current density through
the increase of microelectrode surface areas.. Although the current density attained
in this study is less than that of a bioanode that had previously been made using
nanomaterials, this research finding paves the path for AM of EFCs. Because VP offers
design freedom, microelectrodes with larger surface areas may be produced.

Additionally, this technology demonstrates the potential of producing gold electrodes
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with a large surface area in substitution of carbon nanomaterials, which have
limitations in biocompatibility and mass transfer. Although the findings are
encouraging, there are still questions on how geometry affects the EFCs' efficacy. The
optimisation of the cell shape via further computational fluid dynamics (CFD) study

might thus provide some very intriguing findings.

3D-printing of enzymatic 183 |Page
biofuel cells



8. Conclusion and recommendation for future work

8.1. Conclusion
The study's findings suggest that integrating VP with surface functionalisation

and electroless plating increase the effectiveness of the EFCs. The Michael-thiol
reaction with multiacrylate monomers was used to create the functional printable ink,
which was then mixed with the biocompatible photoinitiator and photoabsorbers.
This functional ink was successfully printed with PUSLA, functionalised with thiol using
the optimal sol-gel process. Thiol groups on the surface of the polymer made the gold
coating on the 3D-printed material exceedingly successful; the gold was firmly bond
to the polymer and had high conductivity (53% of bulk gold). These characteristics

enable the electrode to function as a reliable current collector for the EFC.

Testing GOx immobilisation on agarose revealed that the enzyme is highly stable
on gold is by crosslinking the GOx on a surface functionalised with cysteamine. The 3D
microelectrode's electrochemical performance as an enzyme anode for usage in
enzymatic biofuel cells was evaluated. Due to the increased catalytic surface area
compared to a simple cubic electrode, the high performance of EFC based on the 3D
printed lattice-structured gold microelectrode was demonstrated. The study enables
the suggested technology to be used not only for enhancing EFCs but also for

applications in implanted energy supply devices and self-powered biosensors.

8.2. Recommendation for future work
This work has opened up new avenues for future research on using of SLA

printing technique to enhance the efficiency of the implantable EFCs and biosensors.

It is highly advised to carry out further research and testing on the microelectrode's

3D-printing of enzymatic 184 |Page
biofuel cells



potential applications. The following suggestions may be used to expand the

knowledge beyond what was done in this work:

The sol-gel reaction described in this work is a highly flexible technique for
attaching various functional groups. A variety of silane functional groups,
including amine, aldehyde, and epoxy groups, may be employed to attach to
different biomolecules, cells, and bacteria immobilised on the 3D-printed
object using the surface functionalisation technique described in this work.334
337

It has been shown that the immobilising of GOx on the gold
nanoparticles'®2212338 gnd CNTs33° can enhance DET. This immobilised enzyme
on the nanomaterials may then immobilise the created 3D-printed gold
electrode to promote DET and further increase the electrode's surface area.3*°
The methodology developed in this work offers design freedom to create EFCs.
The design of the EFC may be optimised using Computational Fluid Dynamics
(CFD) analysis to obtain optimum mass transfer efficiency without sacrificing
surface area. The relationship between the lattice geometry and EFC efficiency
may be understood by experimenting with various lattice structures with
varying porosity.

Different plating techniques may be employed in place of the electroless gold

plating reported in this work since the thiol functionalised 3D part can help

with the adhesion of other kinds of metals. This could make it possible to
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fabricate various metal structuresto provide the optimum catalytic

supports.3#

e The 3D-printed gold structure can catalyse various reactions that may be used
in many industries, such as hydrogen production in water electrolysers,342343

reduce CO, to produce other useful organic materials,3*

and nitrogen
reduction to ammonia.3*34¢ The gold electrodes may be produced on a larger
scale using SLA or DLP, making them ideal for the uses mentioned earlier.

e A porous transport layer (PTL) for electrolysers can be made using this
technology for 3D printing conductive structures. This may provide a chance
to improve the PTL shape and facilitate the removal of bubbles from the
medium, which will increase the electrolyser's efficiency.347:348

e Electrode for flow cells with the best shape and lowest cost may be made using
this technology. Flow cells have been used in various fields, such as producing
renewable energy and purifying water,34%:3%0

e Biocompatible materials were used to create the 3D-printed gold electrode.
Consequently, it is appropriate electrode for neuron cell testing.3%?

e Other enzymes, such as nitrogenase, may be immobilised on a 3D-printed gold
electrode to produce power simultaneously during ammonia production.3°23%3
The high surface area of the AM-made electrode may boost efficiency in the

synthesis of ammonia, which is particularly beneficial to the agricultural

industries.
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e This work's technology for manufacturing 3D-structured EFC may aid in
enhancing the sensitivity of enzyme biosensors. For instance, further research

may result in the development of glucose sensors.

Overall, 3D printing gold microelectrodes hold immense potential for
revolutionising future applications. The outcome of this research can be used as a
toolkit to fabricate various 3D metal microstructures that will have a significant impact
on the fields of sensors, catalysts, and enzymatic biofuel cells, offering enhanced
capabilities, design versatility, and increased accessibility. It holds the promise of
driving innovation and opening up new possibilities for a range of applications in the

future.
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