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Abstract

This interdisciplinary research project addresses the design and development of a multilayer
and multi-material 3D printed leaf biosensor that enables the instantaneous on-site detection of
Puccinia striiformis. The main challenge with the detection of this disease is that it can only be
visually detected on the leaf surface after 14 days of infection, by when it’s too late for the use
of fungicide, resulting in a significant yield loss. The objective of this research project is to
develop an innovative and compact biosensor using advanced materials and additive
manufacturing (3D Printing) allowing the early detection of Puccinia striiformis f. sp. tritici in
the field enabling fast countermeasures to be taken.

The biosensor will consist of 3 layers. The first layer will mimic the top layer of the leaf which
is the cuticle layer that covers the leaf. The second layer consists of a sucrose/agar mixture to
act as a substrate and growth cue. The third layer will consist of a nonenzymatic glucose sensor
that produces a signal once the Puccinia striiformis f. sp. tritici invertase gets in contact with
the second layer and produces glucose.
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Chapter 1: Introduction
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1.1. Background

Wheat Stripe rust is a disease that mainly affects Triticum aestivum (common wheat). The
disease is caused by a fungus called Puccinia striiformis f. sp. tritici. This type of fungus can
infect host plants hundreds of kilometres away from the source plant. Stripe rust is the most
common type of the three Rust types (leaf, strips and stem rust) [1, 2]. The pathogen growing
temperature is between 7 and 22 °C, being particularly active in the fertile crescent of the
Middle East, and Europe [3-6]. This type of rust does not affect the grain quality but causes
yield loss by lowering the number of kernels and/or resulting in lighter kernels [3, 7, 8]. The
disease has been increasingly occurring as an epidemic across Europe, Africa, East Asia [9-
11].

Common wheat is one of the most staple foods for about 40% of the world population [7].
Wheat is used in so many food products around the world and with the world population
increasing and food security becoming more critical, wheat yield potential has a very high
priority in the developing world [7]. The world leading producers are European Union, China,
India, Russia, and Ukraine. Global warming and the current war in Ukraine have affected and
will impact the production of the global wheat production. Significant disruptions in the supply
chain have been reported by the media affecting, in particular, poor countries in Africa and
Asia. In the current context, the epidemic caused by Puccinia striiformis f. sp. tritici (P. s. f.
sp. tritici) (Figure 1.1a), a widespread pathogen, may have more serious consequences for the
world population affecting food scarcity [2]. This raises the need for a fast and efficient
pathogen detection system with the objective to reduce yield loss and to mitigate the impact of

the increase food demand.

Figure 1.1: (a) Yellow rust fungi (Puccinia striiformis f. sp. tritici) spore, (b) infected wheat
leaf after 14 days.
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Stripe rust or yellow rust is caused by Puccinia striiformis (Figure 1.1b). It is a disease that
infects cereal crops, barley wheat and wild grasses [12]. The disease appeared hundreds of
years ago and was intensively studied in the last 120 years. The first monograph on the yellow
rust was written by Hassebrauk and Robbelen between 1965 and 1975 in German [12-15]. Part
of the monograph was then revised and translated to English by Rdbbelen and Sharp in 1978
[16]. In 1992, Line and Qayoum summarised the virulence, evolution, distribution and
aggressiveness of stripe rust in North America [17]. Finally, in 2017 Chen and Kang published
a book focusing on research and control of stripe rust [18].

Yellow rust symptoms take days to months to fully reach the diseased stage. The yellow rust
life cycle is presented in Figure 1.2. First, the urediniospores of yellow rust lands on the surface
of the wheat leaf. In the first 3 hours after landing, the spores absorb the moisture on the leaf’s
surface and germinate, growing a germ tube guided towards the stomata of the leaf. Between
6 to 8 hours post germination the germ tube grows between the guard cells of the stomata. After
8 to 12 hours a sub stomatal vesicle is formed inside the stomatal cavity. Finally, within 12 to
18 hours, a primary infection hypha develops in the sub stomatal vesicle. At this point the
infection is not detectable by the naked eye but can be observed under the microscope. The
yellow-coloured patches from the disease appear on the leave after 6 to 7 days depending on
the environmental temperature. The udredinia or pustules appear from the patches between 11
to 14 days post infection. Uredinia are small, elongated, and yellow to orange in colour, and
shortly burst after forming releasing yellow rust spores to the atmosphere. These spores are too
small to be detect by naked eyes but can be seen as yellow/orange powder. A number of studies
suggested that P. s. f. sp. tritici produces its own invertase, being required to aid nutrition
uptake of the pathogen, by converting sucrose to glucose and fructose [19, 20]. Moreover,
yellow rust leads to an increase in the reactive oxygen species in the infected plants, hence

reducing the plant’s overall photosynthetic efficiency leading to yield loss [21].

18



Figure 1.2: (a) Schematic representation of early infection structures of Puccinia striiformis.
The spore germ tube enters the leaf through the stomata forming a substomatal vesicle from
which infection-hyphae develop. Once the hyphae contact the mesophyll cell a haustoria is
formed inside the plant cell. (b) Transverse section of a plant leaf showing the different layers
of the leaf.

Stomata are pores on both sides of the leaf, and part of a stoma complex consists of a pore with
guard cells on each side along with two to four subsidiary cells. The stomata main role is to
control water vapour and gas exchange between the leaf interior and the outside air [22, 23].
The surface of the leaf is covered by a hydrophobic, translucent layer called cuticle. Its main
role is to provide protection against dehydration and external environmental stresses [24, 25].
The cuticle (Figure 1.3), has a network structure, consisting of a covalently linked cutin
macromolecular mesh containing a polyester like biopolymer made up of hydroxyl epoxy and
hydroxyl fatty acids, and a range of organic solvent soluble lipids called waxes, and sometimes
cutan which is made up of polyethylene chain or another polymer called lignin [23, 24].
Current strategies for yellow rust management are based on the use of genetically resistant
wheat varieties and fungicide applications as part of an Integrated Pest Management scheme
[26, 27]. However, a major drawback of these approaches is the potential of the pathogen to
mutate, leading to the development of new races capable of overcoming the resistance [28, 29].
In addition, the timing of fungicide application is critical for treatments to be effective.
Moreover, the overuse of fungicides can also lead to the appearance of new strains of the fungus
with enhanced resistance to the fungicide [28, 30, 31].
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Figure 1.3: Plant cuticle chemical representation [40].

As previously mentioned, the main problem with stripe rust disease is that it can be visually
detected only after 14 days of infection which is by then too late for the use of any fungicide
resulting in a significant loss of yield [3, 7, 8, 32, 33]. To address this problem, this research
work aims to develop a novel biosensor using advanced materials and additive manufacturing
to detect the infield presence of the stripe rust pathogen, reducing detection time, as well as
detecting the infection at a very early stage allowing for counter measures to be taken. The
proposed design of the biosensor is shown in Figure 1.4.

To be effective, the surface the biosensor must mimic the surface of the wheat leaf including
the stomata positioning as well as its opening and closing mechanism, as the stomata controls
the release of volatiles (VOCSs), which mainly consist of terpenoids, fatty acids, amino acids,
and compounds with aromatic rings [34]. These VOCs help to protect the plant by acting as
information carriers being an important cue for fungal germination [33]. This mimic behaviour
can be achieved by using smart materials (see Section 2.2) able to change their shape based on
an environmental cue [22, 23].

Generally, the use of biosensors for agricultural applications, such as the one proposed by this
research, is a fundamental element of a novel strategy called as Agriculture 4.0, based on the
use of digital tools and technologies to increase farming efficiency, reducing food waste and
the effects of climate change [35]. The biosensor is aimed toward usage in low-income
countries and small-scale farmers, hence, additive manufacturing provides a suitable

compromise between cost and manufacturing capabilities required. Furthermore, additive
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manufacturing, specifically extrusion-based manufacturing, is becoming more available with

an extensive cost reduction and large range of printing material.

Sucrose + Agar layer

Analyte

Non-enzymatic glucose sensing
Top layer: layer
-Layer mimics the shape of the
wheat leaf.
-material used:
-PETG

Figure 1.4: Proposed biosensor design.

1.2. Research Aim and Objectives

The main aim of this research is to develop a novel 3D printed “leaf biosensor” that enables
the instantaneous on-site wheat stripe rust detection. To achieve this aim, the project will
comprise four main stages. The first stage will focus on the identification of the most relevant
factors that promote germination and the growth of wheat stripe rust infecting spores. This will
be achieved through lab investigation of the germination and the growth of the germ tube of
the pathogen wheat-infecting spores under different conditions, and by analysing how different
factors (e.g., humidity, plant volatile) can affect these variables. The second stage will focus
on the material selection. Different materials will be tested to identify the most suitable material
to promote germination and germ tube growth of the pathogen, wheat-infecting spores.
Moreover, the material surface must be easily imprintable allowing the mimicry of real leaf
surface topology recognisable by the pathogen infecting-spores. The third stage will focus on
the development of a wheat stripe rust (yellow rust) specific sensing chemistry to be used as
the bio-sensing element of the biosensor. Finally, the fourth stage will correspond to the

validation of the biosensor performance under lab conditions.
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The proposed new biosensor comprises three layers and uses the invertase produced by the
spores as an analyte. The role of the first layer is to mimic the leaf top surface providing the
needed topological germination cue, the second layer will contain sucrose which is the main
substrate consumed by invertase (the target analyte), and finally the third layer is a glucose
sensing layer which is the by product that results from the redox reaction between sucrose and
invertase.

This is a multidisciplinary research work covering a wide range of fields, such as mechanical
engineering (manufacturing), polymer science and biotechnology. Key research objectives can
be listed as follows:

e To develop a better understanding on plant biology, biosensors, and smart materials
through an extensive literature review (objective 1).

e To develop a novel functional biosensor able to detect stripe rust pathogen (objective
2). The biosensor will be tested under lab conditions.

e To understand the key topological cues responsible for stripe rust infecting-spores
germination and germ tube growth (objective 3). Stripe rust is an obligate parasite that
is hard to grow on artificial media since it requires cues to identify and grow on the
plant leaf surface.

e To identify suitable biocompatible materials that promote fungal infecting-spore
germination and growth of germ tubes (objective 4). The fungus grows using
topological cues and one of these cues seems to be the surface wetness that depends on
the material type. Moreover, the material should be biodegradable avoiding any
negative environmental impact.

e To identify and produce fungus specific detection mechanism capable of identifying
the presence of Puccinia striiformis (objective 5). This mechanism will be designed to
detect certain enzymes produced by the fungus during the growth process. These
enzymes interact with a specific substrate in the sensor where the reaction will be used

as a detection signal for the presence of the target pathogen.

1.3. Structure

This thesis comprises nine chapters, which progress in accordance with the identified research
objectives, describing the work conducted. The first chapter comprises an introduction that, in
addition to listing the research aim and key research objectives, also briefly describes the

context of the research. The contents of the remaining chapters are summarised below.

22



Chapter 2: Literature review - this chapter consists of two sections. The first section
introduces the concept of glucose biosensors, discussing different working principles, types,
applications, trends, and research challenges. The second section introduces the concept of
smart materials, specifically shape changing materials (SCP), and the concept of 4D printing.
Chapter 3: 4D printing of bioinspired leaf sensor surface - this chapter discusses
preliminary studies on the topological cues to promote fungal growth on the surface of the
biosensor and describes the multi-material and multi-functional biosensor considered in this
research. Different candidate materials for the fabrication of the biosensor are considered.
Chapter 4: Chemical and compositional analysis of PETG for 4D printing applications -
this chapter investigates the potential use of PETG as a shape memory polymer (SMP). A full
characterization analysis of PTEG is presented, including mechanical analysis, chemical
analysis, printability, and shape recovery behaviour. Shape recovery behaviour is assessed
using cyclic thermomechanical experiments where stress and temperature are controlled during
the programming and recovery processes. A stress strain graph was obtained leading to the
determination of shape fixity ratio and shape recovery rate.

Chapter 5: The potential of Polyethylene Terephthalate Glycol (PETG) as a biomaterial
for tissue engineering - This chapter investigates the potential of PETG, a shape changing
material as discussed in Chapter 3, to support cell attachment and proliferation assuming that
PETG is used to produce bone scaffolds using a filament-based additive manufacturing.
Scaffolds were produced considering different pore sizes. Scaffolds were seeded with human
adipose derived stem cells (hADSCs) and the cell metabolic activity determined using the
Alamar Blue assay.

Chapter 6: Smart Polyethylene terephthalate glycol (PETG) — This chapter investigates the
incorporation of photochromic molecules such as azobenzene to produce a photoactive material
that can respond to UV light by changing shape and regaining its original shape in the dark.
The resultant material was designed with the intent of producing bioinspired functional
surfaces. Moreover, PETG was also mixed with Polyvinyl chloride (PVC) to fabricate a
thermo-responsive material that can respond to temperature changes. The produced material
was designed with the intent of incorporating in pathogen detection sensors, where the material
simulates the morphology and functionality of a leaf surface.

Chapter 7: Electrospinning polyethylene terephthalate glycol (PETG) meshes — This
chapter investigate the use electrospinning to create PETG electrospinning meshes. However,
PETG is a difficult to spin material and no previous papers reported the correct conditions to

create PETG meshes. To address this issue, a preliminary study on the solubility and
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electrospinnability of PETG using a range of solvent systems was conducted and a Teas graph
was established allowing to select the ideal solvent system. Produced meshes were extensively
characterised and the results demonstrate for the first time the ability of PETG electrospun
meshes to support the inoculation and germination of yellow rust spores, thus confirming that
PETG is an ideal material to be used in the proposed biosensor (see Chapter 1).

Chapter 8: Novel multi-layer biosensor for pre-symptomatic detection of Puccinia
strifformis, the causal agent of yellow rust — this chapter, which consolidates the knowledge
generated in the previous chapters, describes the overall biosensor design, consisting of three
different layers, and the fabrication process. The first layer mimics the wheat leaf surface
morphology. The second layer consists of a sucrose/agar mixture that acts as a substrate and
contains a wheat-derived terpene volatile organic compound that stimulates germination and
growth of the spores of the yellow rust pathogen P. s. f. sp. tritici. The third layer consists of a
nonenzymatic glucose sensor that produces a signal once invertase, produced by P. striiformis,
comes into contact with the second layer, converting sucrose to glucose. Results show for the
first time that the developed biosensor enables the detection of viable yellow rust spores in 3
days.

Chapter 9: Conclusion and future work — this chapter outlines the key results and

achievements of the thesis and proposes future research directions.

24



Chapter 2: Literature review

25



This Chapter, comprising two sections, reviews the current state-of-the-art of the research
domains covered by this dissertation. The first section discusses the mechanisms of
electrochemical glucose sensing with a focus on the different generations of enzymatic-based
sensors, their recent advances, and provides an overview of the next generation of non-
enzymatic sensors. Advancements in manufacturing techniques and materials are key in
propelling the field of glucose sensing, however, significant limitations remain which are also
highlighted. The second section discusses the concept of 4D printing, key additive
manufacturing technologies and a classification of smart materials. The mechanism beyond

the material response to different stimuli is discussed in detail.

2.1 Recent advances in enzymatic and non-enzymatic electrochemical glucose sensors*
2.1.1 Introduction

Glucose detection is an important factor in the food, beverage, and fermentation manufacturing
sectors as well as in the medical sector. The increased sugar consumption in people’s diet is
related to many chronic health problems including cardiovascular diseases (including heart
failure, stroke or heart attack), type 2 diabetes, sleep apnea, metabolic syndrome, and obesity
[36, 37]. Diabetes mellitus is a chronic condition that results in systemic and metabolic
disorders. In 2019, diabetes affected 463 million people worldwide, was responsible for 1.5
million deaths, and the number of diabetic patients is expected to increase to 700 million by
2045 [38]. Moreover, diabetes is associated with other pathologies such as the risk of blindness,
kidney failure, nerve damage, and heart problems [39]. Therefore, diabetic patients need to
accurately determine their glucose blood level not just at the diagnosis stage but in all stages
of treatment and disease management, and the use of non-invasive and rapid glucose level
testing methods is critical [40-43]. Consequently, the food, beverage and fermentation
manufacturing sectors are under pressure to reduce and control the level of sugar whilst
maintaining the quality and safety of ingredients. This requires monitoring and measuring all
analytes such as sugars, phenols, and alcohols throughout the manufacturing process and in the
final product [37, 44].

In the last decade, the demand for glucose detection and monitoring systems significantly
increased. This is reflected in the increased number of publications related to glucose sensors,

illustrated in Figure 2.1. Glucose sensors comprise optical and electrochemical sensors. Optical

* This section is based on the following publication: Mohamed Hassan, Cian Vyas, Bruce Grieve, Paulo Bartolo
— “Recent advances in enzymatic and non-enzymatic electrochemical glucose sensing”, Sensors, 21, 4672, 2021.
Mohamed Hassan main contributions: data collection, data analysis, writing and reviewing the manuscript.
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glucose biosensors, encompassing different optical methods such as fluorescence,
absorptiometry, and surface plasmon resonance (SPR) [41, 45-50], use fibre optics to detect
analytes using absorption, illumination, light scattering or refraction principles [51]. Optical
biosensors have many advantages including remote sensing, low cost, electrical interference-
free, and fast response time in comparison to normal test methods [52]. However, these sensors
also present several disadvantages such as interference from surrounding light, the need for

high-energy light sources, and limited concentration range, which limit their use [53].
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Figure 2.1: Number of glucose sensor related articles published in the past 10 years. The
search was conducted using the Web of Science (Clarivate Analytics, Philadelphia, PA,

99 ¢¢ 29 ¢¢

USA) database considering the following keywords: “glucose,” “sensors”, “electrochemical.

Electrochemical sensors, mainly based on amperometric methods, represent the most relevant
group of glucose biosensors, and comprise enzymatic and non-enzymatic sensors. Non-
enzymatic amperometric glucose sensors are based on the direct electrochemical oxidation of
glucose. A wide range of materials has been used in both enzymatic and non-enzymatic glucose
biosensors (Figure 2.2) such as conductive polymers, enzymes, carbon nanotubes, and
molecularly imprinted polymers (MIPs). MIPs mimic enzymes by creating polymeric
crosslinked active sites for specific analytes, predominantly used in optical sensing they have
been explored in recent years in electrochemical glucose sensing; however, they are out of the
scope of this review [54-56]. Noble metals and their composites have been used specifically as
the electrode materials for non-enzymatic sensors due to their high electrocatalytic activity,
and high sensitivity to the electrooxidation of glucose [57-60]. The principle behind
nonenzymatic glucose sensors was first reported by Walter Loeb [61] who observed a direct

electro-oxidation of glucose in sulfuric acid-producing gluconic acid at a lead (Pb) anode.
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Direct electro-oxidation [62] and electroreduction [63] of glucose in alkaline (pH > 11) and
acidic (pH < 2) solutions have also been investigated. The major problem faced by non-
enzymatic glucose sensors is the absorption of glucose oxidation intermediates (e.g., CO) or
solution active species (e.g., Cl—) which can lead to blockage of electrode activity for direct
glucose electro-oxidation [64]. Furthermore, non-enzymatic amperometric glucose sensors
suffer from a lower selectivity compared to enzymatic amperometric glucose biosensors due
to the difficulty faced by the electrocatalytic materials to specifically catalyse glucose
oxidation. However, non-enzymatic amperometric glucose sensors present long-term stability,

which is the main drawback of the enzymatic biosensors due to the inherent nature of enzymes.
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Figure 2.2: Materials used in electrochemical biosensors.

The principle behind enzymatic amperometric glucose sensors was proposed by Clark and
Lyon [65] in a patent describing the use of enzymes for converting electroinactive substrates
into electroactive products. Clark [66] also designed the first enzymatic amperometric glucose
sensor by immobilising glucose oxidase (GOx) on a platinum (Pt) electrode. Since these
preliminary studies, GOx has been extensively investigated and used for glucose biosensors
due to its low cost, high bioactivity, selectivity, and stability [67]. Glucose dehydrogenase
(GDH) is also used for blood glucose test strips [68-71]. GDH-based biosensors have the

advantage of lower detection potentials compared to the first-generation of GOx-based
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biosensors, and their performance is independent of the oxygen level in the analyte solution
[72]. B-nicotinamide adenine dinucleotide (NAD)-dependent GDH and pyrroloquinoline
quinone (PQQ)-dependent GDH (PQQGDH) are the two main types of GDH used in biosensor
applications. However, GDH presents several limitations. PQQGDH suffers from low
selectivity and requires suitable solubilisation detergents and purification to allow membrane
binding, while water-soluble PQQGDH suffers from poor thermal stability [73]. NAD-
dependent GDH biosensors require the addition of NAD cofactor which leads to complications
(e.g., not always stable, contamination) in the analysis [72, 74]. Furthermore, the
electrochemistry of the oxidised form (NAD+) and reduced form (NADH) of NAD cofactor is
irreversible. Direct oxidation of NADH at an unmodified electrode requires high overpotential
due to its slow electron-transfer Kkinetics [72, 73]. Moreover, for electrochemical
measurements, GDH requires the use of artificial electron acceptors [75]. Alternatively,
hexokinase isoenzyme Il can be used for sugar sensing and glucose repression, as utilised by
Saccharomyes cerevisiao, brewer’s yeast [76]. However, it is more expensive and presents
lower stability when compared to GOx [73, 75].

Glucose sensing has a significant scientific, clinical, and industrial relevance and significant
progress has been made recently, particularly related to non-invasive methods to monitor blood
[77-80]. Typically, glucose sensor reviews focus on a specific approach, enzymatic or non-
enzymatic. This Section discusses and compares both techniques providing a comprehensive
review on the current-state-of-the-art. This section discusses the key concepts of
electrochemical glucose sensing, details the current state-of-the-art of non-enzymatic and GOx
-based enzymatic glucose biosensors with a particular focus on materials and manufacturing

techniques, and presents the main research challenges and opportunities.

2.1.2 Three Generations of Enzymatic Glucose Sensors

The concept of a glucose enzyme electrode, as proposed by Clark and Lyon [65], monitors the

oxygen consumption according to the following enzyme-catalysed reaction:

GOx .. . (2.1)
glucose + oxygen — gluconic acid + hydrogen peroxid
The main problem faced by this sensor was the interference from background oxygen during
the reaction. To solve this problem, Updike and Hicks [81] developed a system based on two
oxygen working electrodes, measuring the current differential, hence, removing the noise

created by the background oxygen. Similarly, Guilbault and Lubrano [82] developed an
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enzymatic amperometric glucose biosensor by monitoring the released hydrogen peroxide

(H202) as follows:

H202 - 0, + 2H* + 2e~ (2.2)

The catalytic reaction of GOx-based glucose biosensors involved the reduction of the enzyme’s
flavin group (GOx(FAD)) to the reduced form (GOx(FADH?2)) [83]:

GO, (FAD) + glucose » GO4(FADH,) + gluconic acid (2.3)

The reduction is then counteracted using an electron acceptor and oxidation mediator, (Medox)

to reoxidise the enzyme and regenerate the oxidised form (GOx(FAD)) [83]:

GO, (FADH,) + Med,y = GO,(FAD) + Med,q (2.4)

The regeneration of the enzyme is important to guarantee the enzymatic cycle, otherwise the
enzyme will be reduced and cannot be reused, ending the sensing process.

According to the type of oxidation mediator, it is possible to identify three generations of
glucose biosensors as shown in Figure 2.3. The first-generation of sensors use Oz as a
physiological mediator, the second-generation uses an artificial (synthetic) electron acceptor,
while the third-generation uses an electrode for direct electrical communication without

requiring any mediators.
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Figure 2.3: Schematic representation of enzymatic glucose oxidation mechanisms for the
three different generations of biosensors.
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2.1.3 First-Generation Enzymatic Glucose Biosensors

The first generation of enzymatic glucose biosensors relied on oxygen as the oxidation
mediator to regenerate GOx(FAD), thus detecting glucose by monitoring the oxygen
consumption, or the generation of H202 during the enzymatic reaction [84]. The anodic
oxidation and cathodic reduction of H202 were used to monitor the enzymatic generation
process [85]. Moreover, the anodic oxidation of H202 enhances the ability to
regenerate/replenish the oxygen, improving the enzymatic cycle [85]. The first-generation of
enzymatic glucose biosensors were stable, simple, and easily used in miniaturised applications
[86].

However, a major problem of the first-generation of glucose sensors was the electroactive
interference as H20:2 requires a relatively high potential [86]. At a high potential level, some
coexisting species such as ascorbic acid and uric acids are electroactive, reducing the selectivity
and accuracy of the biosensor [87, 88]. This problem was minimised by using a permselective
membrane, reducing the access of the interferent to the surface of the biosensor transducer [89-
91]. Different membrane materials such as Nafion (Nf), polycarbonate, cellulose acetate,
poly(1,3-diaminobenzene), and polypyrrole (PPy) osmium (Os) complexes were used based on
their transport properties, pore size, charge, or polarity [92-95]. Other approaches to minimise
interference were based on the use of metallised carbon [96, 97] and metal-hexacyanoferrate
[84, 98] transducers, to reduce the operational potential to the optimal potential region (0 - 0.2
V vs. Ag/AgCI) used for H202 detection thus avoiding the electroactivity of the interferents.
Similarly, Wang and Wu [99], developed a glucose biosensor with high selectivity by
dispersing rhodium particles in an Nf film.

An alternative approach is the use of Prussian blue (PB) to minimise interference, for example,
Kafi et al. [100] fabricated a GOx/multiporous tin oxide nanofiber film on a PB-modified gold
(Au) electrode for biosensing [100]. The aim was to develop a highly selective and low
potential glucose biosensing, due to the PB having high catalytic activity and selectivity for the
reduction of H202. Similarly, Li et al. [101] produced a highly sensitive imprinted
electrochemical sensor based on double amplification using an inorganic PB catalytic polymer
and GOx [101]. Cinti et al. synthesised PB nanoparticles on a filter paper, using it to immobilise
GOx allowing the sensing of glucose in blood samples [102]. Moreover, a wide range of
nanomaterials including carbon nanotubes (CNTs) [103], Pt nanoparticles [104], and
composite nanomaterials [105, 106] were successfully used to improve selectivity due to their

high catalytic effect.
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Another important limitation of the first generation of glucose biosensors, based on the use of
oxygen as Medox, was related to oxygen dependence [81, 107]. These sensors were prone to
errors, due to oxygen tension fluctuation and the stoichiometric limitation of oxygen, usually
referred to “oxygen deficit” (the normal oxygen concentration is an order of magnitude lower
than the physiological level of glucose) [108]. To overcome this problem, Gough et al. [109]
developed a two-dimensional cylindrical electrode using a mass transport-limiting film to
increase the O2/glucose permeability ratio. Other approaches included the use of an oxygen-
rich carbon paste enzyme electrode [56,75,76] or an air diffusion biocathode that used oxygen
directly from the air [110].

2.1.4 Second-Generation Enzymatic Glucose Biosensors

The second generation of enzymatic glucose biosensors relied on the use of an artificial Medox
to mediate the GOx cycle instead of depending on oxygen as a mediator to transport electrons
to and from the enzyme active site [111]. The artificial Medox can be an immobilised mediator
directly attached to the enzyme or entrapped in an enzyme film [112, 113], a solution-state
mediator able to diffuse in and out of the enzyme active site [108], or a redox-conducting
polymer able to transport its electrons to and from the enzyme active site [34,81,82]. Suitable
mediators for GOx include conducting organic salts (particularly tetrathiafulvalene-
tetracyanoquinodimethane, TTF-TCNQ), ferrocene, quinone compounds, ferricyanide,
transition-metal complexes, phenothiazine, and phenoxazine compounds [86, 114-118].

The catalytic process consists of three steps: (1) the reduction of the GOx(FAD) to GOx
(FADH2) due to the electron transfer from the glucose to the FAD reaction centres of GOXx; (2)
electrons transfer from the FADH:2 centres to the artificial mediator (Medox), hence reducing it
from Medox to Medred; and (3) the transport of electrons through the artificial mediator to the
electrode [108]. A current signal is produced due to the oxidation of Medred and used for
glucose measurement, which requires an efficient interaction between the enzymes and the
mediators to guarantee the effective transportation of the electrons between the redox active
centres and the electrode [112].

Several approaches have been proposed to tailor the mediators in the electrode-supported
enzyme films, including using Os complex as a mediator, non-covalent functionalisation of
multiwalled carbon nanotubes (MWCNTS), GOx and binding proteins, and stabilising artificial
mediators [119-121]. Heller [121] was a pioneer in the field of directly connecting an enzyme
redox centre to an electrode and the results of his work was a glucose biosensor with a

sensitivity up to 1 A M~ cm™2. Marquitan et al. [119] designed a redox polymer by crosslinking
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poly(4-styrene sulfonate-co-glycidyl methacrylate-co-butyl acrylate) (P(SS-GMA-BA)), and
Os complex as a mediator producing a P(SS-GMA-BA)-Os matrix. GOx was then entrapped in
the matrix forming a polymer/enzyme film used to modify the surface of a sub-micrometre
scale carbon electrode [119]. Gallay et al. [122], designed a bienzymatic glucose biosensor
based on the non-covalent functionalisation of MWCNTSs with GOx and avidin (to allow the
specific anchoring of biotinylated horseradish peroxidase (b-HRP)). Al-Sagur et al. [123]
synthesised a multifunctional conducting polyacrylic acid (PAA) hydrogel (MFH) integrated
with reduced graphene oxide (rGO), vinyl substituted polyaniline (VS-PANI), and lutetium
phthalocyanine (LuPcz) to create a three dimensional (3D) robust matrix for GOx
immobilisation (PAA-rGO/VS-PANI/LUPc2/GOx-MFH) and glucose measurement [123].
Schuhmann et al. [112] proposed the use of ferrocene amines directly attached to the surface
of the enzyme through flexible linkages. Seketaryova et al. [108] designed a reagentless
biosensor with free diffusing mediators by covalently bonding the GOx to the surface of the
biosensor followed by exposing it to a water-organic mixture containing a high content of
organic solvent [108]. In the case of immobilised mediator-based biosensors, it is important to
immobilise the artificial mediator near both the enzyme’s redox centre and the electrode surface
to ensure high electron-exchange efficiency. Contrary to solution-based mediator biosensors,

the immobilised mediators suffer from limited range of motion.

2.1.5 Third-Generation Enzymatic Glucose Biosensors

The third generation of enzymatic glucose biosensors relies on direct energy transmission
(DET), which depends on the distance between the enzyme’s redox centre and the electrode
surface [124, 125]. Several approaches were investigated to overcome the long electron
tunnelling distance to achieve the direct electrochemistry of enzymes [126-128]. The
reassembling of apo-proteins on cofactor modified enzymes and the reassembling of apo-
enzymes on cofactor Au nanoparticles (AuNPs) are widely used strategies to align redox
enzymes on the electrodes [126, 127, 129-131]. These methods are effective in the process of
electrically wiring the redox enzyme to the electrode surface but are complex processes which
limit their usage. The fundamental concept of DET was proposed by Heller and Degani [131]
which demonstrated the possibility of connecting the enzyme active site covalently to the
surface of the electrode using a redox polymer. Yehzekeli et al. [132] described a technique to
electrically wire the enzyme, and the ability to transform the enzyme from an oxidase to
hydrogenase by implanting Pt nanoclusters into GOx, which can be achieved by

thermodynamically reducing Pt salts into Pt nanoclusters using the reduced factor FADH..
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Several nanomaterials were described to directly achieve GOx electrochemistry [133-136]. Jose
etal. [136] covalently immobilised GOx directly on the surface of MWCNT-coated electrospun
Au fibre electrode. Tasviri et al. [134] produced an amine (NH2) functionalised tin-oxide
(TiO2) coated carbon fibre nanotube (NH2—TiO2—CNT) layer used for the adsorption of GOx.
The GOx containing matrix was then used to modify the surface of a glass carbon electrode
(GCE) [134]. Zhang et al. [133] developed a glucose biosensor using bio-mediated AuNPs
dispersed in a CNT—polyvinyl alcohol solution. After the dispersion, the GOx was added to the
solution, which was then dried to produce a film. The obtained film was used to modify a GCE
thus producing a mediator-free glucose biosensor. Holland et al. [137] achieved direct energy
transfer between GOx and electrode via a site-specific modification of GOx to display a free
thiol group near the active site, hence facilitating site-specific attachment of maleimide
modified AuNPs to the enzyme. Tasca et al. [138] developed a cellobiose dehydrogenase
(CDH) based glucose biosensor by directly adsorbing CDH to single-walled carbon nanotubes
(SWCNTSs). The CDH was extracted from Corynascus thermophilus (Ct) fungi and the results
showed that the CtCDH can catalyse glucose oxidation in neutral ph. The biosensor was
successfully used to detect glucose in both normal and diabetic patients under physiological
conditions.

This third generation of glucose sensors produced better results than both the first and second
generation, but still present restrictions stemming from their dependency on the enzyme’s
activity which can be influenced by external environmental factors such as temperature, pH,
and humidity [92,107,108]. Moreover, the biosensor performance also depends on the
enzymatic layer thickness with high layer thickness resulting in signal dampening or loss [139,
140].

Despite all these developments, the different generations of biosensors present several
limitations not yet fully addressed, which has led to the development of non-enzymatic glucose
detection systems. These non-enzymatic glucose sensors, sometimes referred to as the fourth
generation of glucose sensors, rely on the concept of oxidising glucose directly on the electrode

surface.

2.1.6 Recent Developments in Enzymatic Glucose Biosensors

Advances in the field of nanomaterials have led to the development of enzymatic biosensors
incorporating nanomaterials (e.g., noble and transition metal nanoparticles, CNTs, graphene,
and nanostructured metal oxides) to amplify the electron transfer rate, improving the biosensor

performance in terms of selectivity and sensitivity [141]. Kumar-Krishnan et al. [142]
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developed a GOx immobilisation matrix by using AuNPs supported on a functionalised nano-
silica (SiO2) surface using a deep eutectic solvent (DES). The SiO2 was first functionalised
using a DES-mediated amine functionalisation to incorporate NH2 groups, and then the AuNPs
were added to the solution to produce Au-SiO2NP. GOx was then covalently immobilised to
the Au-SiO2NP followed by drop casting of the SiO2NP/ GOx solution on the surface of a glass
electrode. The obtained biosensor exhibited a sensitivity of 9.69 pAmM *cm™, and a wide
linear range from 0.2 to 7 mM [142]. Buk and Pemble [143] prepared a glucose biosensor using
a micro disk array electrode, modified with carbon quantum dots (CQDs)-AuNPs as a matrix
for GOx (Figure 2.4). The microfabricated Au electrode was dipped in cysteamine to be
functionalised by the NH2 groups, and then a solution containing CQDs mixed with AuNPs
was drop casted on the surface of the electrode. Finally, glutaraldehyde was used to immobilise
GOx, producing a micro disk array with a sensitivity of 626.06 pAmM *cm2 and a wide linear
range from 0.16 to 4.32 mM [143].

CQDs/AuNPs

Gold micro disc
4| array electrode

Figure 2.4: Preparation steps of a glucose biosensor using a micro disk array electrode. (1)
single disk array electrode, (2) surface magnification, (3) cysteamine modification of the Au
surface, (4) CQDs/AuNPs adhered surface, (5) GOx immobilisation to the surface [143].

MWCNTSs were recently investigated to produce immobilisation matrices for GOx due to their
high stability and ability for direct electron transfer [144-146]. Shrestha et al. [144] developed
a bio-nanohybrid material by dispersing functionalised MWCNTs (fMWCNTS) in a Nf film
dopped with PPy. GOx was then covalently immobilised in the material, producing Nf- GOx -
fMWCNTs-PPy using electrochemical polymerisation on a surface of a Pt electrode [144]. The
obtained Nf- GOx -fMWCNTSs-PPy/Pt electrode detected glucose with a high sensitivity, 54.2
nA mMlecm™, in a linear range of up to 4.1 mM. Li et al. [145] used cobalt (I1) sulphide
nanoparticles (CoSNPs) to coat MWCNTSs through an in situ hydrothermal method, obtaining
a CoS-MWCNTSs composite used as a matrix for GOx immobilisation. The CoS-MWCNTSs was
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dispersed in water, GOx was added to the solution, and the mixture stirred gently to produce
CoS-MWCNTS/ GOx, which was drop casted to modify a GCE. Finally, to increase selectivity
and sensitivity, Nf solution was added to the electrode surface resulting in the fabrication of a
CoS-MWCNTSs/ GOx /GCE/Nf electrode with a sensitivity of 15 mA M~1cm™2 and a wide linear
range from 8 uM to 1.5 mM [145]. Hao et al. [146] developed a functional nanocomposite by
depositing manganese dioxide (MnQOz2) on the surface of MWCNTS via an in situ hydrothermal
method. The nanocomposite (MnO2/MWCNTS) was used for the direct detection of H202, or
as a matrix to immobilise GOx [146]. GOx was adsorbed by the MnO2/MWCNTSs
nanocomposite producing GOx /MnO2/MWCNTS, which was then used to modify the surface
of a GCE producing an electrode with two distinct linear ranges from 5 -200 uM and 0.2 - 1
mM [146].

Similarly, graphene has been used to produce enzymatic glucose biosensors. A disposable
glucose biosensor was developed by Vukojevic et al. [147] using MnQO2 nanoparticles to
decorate graphene nanoribbons (GNR) followed by surface modification using a drop coating
method with GOx and Nf. The MnO2-GNR composite solution was created using a simple
hydrothermal mixing process. The composite solution was then drop cast on the screen printed
carbon electrode (SPCE) producing a MnO2-GNR/SPCE electrode, followed by the addition
of GOx and Nf, which resulted in an enzymatic glucose biosensor with a sensitivity of 56.32
nA mMtcm2 and a linear range from 0.1 to 1.4 mM [147]. Mao et al. [148] investigated the
use of reduced graphene oxide (rGO) to increase the sensitivity and selectivity of a zinc oxide
(Zn0O) nanorod based biosensor. In this case, a polyethylene terephthalate (PET) substrate was
used to hydrothermally synthetise the ZnO nanorods. Then, electrodeposited rGO was used to
coat the ZnO/PET working electrode and AuNPs were dispersed on the surface leading to the
production of ZnO/rGO/AU/PET. Finally, the GOx was physically adsorbed on the surface of
the electrode leading to the fabrication of a GOx/rGO/ZnO/Au/PET glucose biosensor with a
sensitivity of 56.32 uA mM‘cm2 and a linear range from 0.1 to 12 mM [148].

Recently, Hossain and Slaughter [149] proposed a hybrid glucose biosensor with high
sensitivity and selectivity using both MWCNTSs and graphene. Chemically derived graphene
and MWCNTs functionalised with carboxylic groups were synthesised using a one-step
solvothermal technigque to produce a suspension containing both materials. This suspension
was then drop casted on an Au electrode forming a thin film onto which PtNPs were
electrochemically deposited. Finally, GOx was immobilised on the nanostructured electrode
and coated with Nf. The fabricated hybrid biosensor exhibited sensitivity of 26.5 uA mM *cm™
and linear detection range from 0.5 to 13.5 mM [149].
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High selectivity is a key requirement for glucose sensing applications. One approach to
improve selectivity consists of using a red blood cell membrane (RBCM) as a diffusion barrier
on the surface of the enzymatic glucose biosensor to eliminate any interfering molecules from
reaching the surface [150]. The cell membrane’s main role is to block ions and small molecules
to access the cell. However, the cell membrane contains glucose transporter-1 (GLUT1)
proteins that promotes the exchange of glucose in and out of the cell [151, 152]. As the RBCM
is rich in GLUTZ, if isolated from the cells, it can be used as a diffusion barrier on the surface
of the enzymatic biosensor [153, 154]. This approach was explored by Kim et al. [150] by
coating a screen-printed Au electrode (SPGE) with glucose dehydrogenase (GDH),
pyrroloquinoline (PQQ), mediator, and a buffer medium (0.1 M phosphate buffer solution).
RBCM collected from red blood cells was used to coat the outer surface of the coated SPGE.
The RBCM coated enzymatic glucose biosensor was then tested, showing lower limit of
detection than the uncoated biosensor demonstrating that the RBCM increases the biosensor
selectivity and its performance [150].

Conductive polymers (CP), prepared mostly by incorporating conductive nanoparticles within
a polymer matrix, can be used for enzyme immobilisation due to their unique properties such
as high electron affinity, electrical conductivity, redox activity, stability, and low cost [155,
156]. Soylemez et al. [157] fabricated an enzymatic glucose biosensor using a novel
electrochromic conductive polymer, poly(2,5-di(furan-2-yl)thiazolo[5,4-d]thiazole) (PTTzFr),
to immobilise GOx. PTTzFr, obtained using cyclic voltammetry (C-V), was drop coated by
GOx using glutaraldehyde as a crosslinking agent. The biosensor exhibited a wide linear range
from 5 pM to 0.7 mM. The biosensor readings were compared to readings from real sample
analysis showing minor deviation [157]. Wang et al. [158] developed a ratiometric enzymatic
glucose biosensor using Schiff base polymers (SBPs) due to their stability, biocompatibility,
and good mechanical and catalytic properties. Thionine, which carries two primary amine
groups and p-benzaldehyde carrying aldehyde functional groups on the two sides of the ring,
were the two monomers used to synthesise the SBPs. The SBPs nanosheets were used to
immobilise GOx and the GOx /SBP matrix was used to modify a GCE via drop coating [158].
The biosensor showed two wide linear ranges from 1.97 uM to 4.0 mM at -0.2 V reference
peak signal and from 0.82 uM to 4.0 mM at -0.05 V reference peak signal [158]. Krishnan et
al. [159] designed Pb/Pt core/shell nano cubes electrode (Figure 2.5). The electrodes were
coated with chitosan as an immobilisation matrix for GOx allowing the covalent bonding of the

GOx to its surface via the active amine (NH) side group, improving stability and preserving the
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biocatalytic functions of the enzyme. The sensor showed a sensitivity of 6.82 pA mM ‘cm™

and a wide linear range from 1 to 6 mM [159].
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Figure 2.5: Schematic representation of the surface modification of Pb/Pt nanocubes using
chitosan and covalent immobilisation of GOx [136].
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Enzymatic glucose biosensors for blood glucose monitoring led to the development of patient
friendly devices, enabling continuous and real-time glucose monitoring. Csoregi et al. [160]
developed one of the earliest subcutaneous biosensors which led to the development of skin-
like biosensors. This was a three-layered sensor based on a glucose sensing layer, a glucose
mass transport restricting layer, and an outer biocompatible layer. The glucose sensing layer
was prepared by cross-linking  (poly [(I-vinyl imidazolyl) osmium  (4,4'-
dimethylbipyridine)2CI]*?*(PVI13-dme-Os) and GOx with poly(ethylene glycol)
diglycidylether (PEG). The glucose mass transport restricting layer consisted of a poly (ester
sulfonic acid) film (Eastman AQ 29D) and a copolymer of polyaziridine and poly(vinyl
pyridine) partially quatemized with methylene carboxylate. Finally, the outer biocompatible
layer was prepared by photo cross-linking tetraacylated poly(ethylene oxide). Below the
glucose sensing layer, a flexible gold wire electrode was used. This layer was formed by
sequentially depositing gold in a 0.09 mm deep shielded recess at the tip of a polyimide. The
insulated 0.25 mm gold wire formed a “wired” glucose oxidase sensing layer. The produced 5
x 1074 cm™2 sensor had a sensitivity range from 1 to 2.5 nA mM™. An interesting example is
the skin-like biosensor developed by Chen et al. [161] for non-invasive intravascular blood
glucose monitoring (Figure 2.6a). The system compromises an ultra-thin (~3 uM) skin-like
layer and a battery-powered paper. When the biosensor is attached to the skin it creates a
subcutaneous electrochemical channel (ETC). Before implantation, the biosensor was sprayed

with hyaluronic acid (HA). The ETC depends on the HA penetration into the interstitial fluid
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(ISF) (anode channel), intravascular blood glucose refiltration from vessels, and glucose
reverse iontophoresis to the skin surface (cathode channel). The HA is repelled at the anode
increasing the ISF osmotic pressure, forcing intervascular blood glucose to move out of the
vessels towards the skin surface [161]. Arakawa et al. [162] developed a detachable mouth
sensor to detect the level of glucose using saliva (Figure 2.6b). The biosensor is made of Pt and
a silver/silver chloride (Ag/AgCl) electrode on a polyethylene terephthalate glycol (PETG)
mouthguard, fitted with a wireless transmitter to enable direct readings. GOx is entrapped using
a poly (2-methacryloyloxyethyl phosphorylcholine-co-2-ethylhexyl methacrylate (PMEH)
film coating the Pt electrode, while the Ag/AgCI electrode is used as a reference electrode.
Another relevant biosensor based on the detection of glucose in bodily fluid was proposed by
Orzari et al. [163] which allowed the detection of glucose in sweat. In this case, a disposable
biosensor was produced using graphite and a conductive ink. The conductive ink was printed
on an adhesive sheet creating the electrode, followed by drop casting of GOx and dihexadecyl
phosphate on the electrode surface. The biosensor could detect glucose in the sweat on the skin

with a linear detection range of 1 - 10 uM.
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Figure 2.6: (a) Schematic representation of the ETC, which performs HA penetration,
glucose refiltration, and glucose outward transportation (left image), and thin, flexible, and
biocompatible paper battery attached to the skin surface for ETC measurement (right image)
[161]. (b) Representation of the glucose biosensor on the PETG mouthguard support. Pt and
Ag electrodes were formed on the PETG using a sputtering process. 30 units of GOx were
applied to the sensing region of the working electrode [162].
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2.1.7 Recent Developments in Non-Enzymatic Glucose Sensors

Non-enzymatic glucose sensing is a cheap and rapid technique that relies on the direct
electrochemistry of glucose (oxidation or reduction) [63]. However, direct glucose oxidation
on noble metal electrodes suffer from three major limitations [164-168]: (1) restricted glucose
sensitivity which can be attributed to the slow glucose electro oxidative Kinetics on
conventional electrodes; (2) low selectivity as several sugars can be oxidised in the same
potential range as glucose; and (3) reduced electrode activity due to ion contamination, mainly
chloride ions (CI7). The sensitivity and selectivity limitation can be countered by increasing
the surface area of the electrode allowing more glucose to be in direct contact with the
electrode’s surface. In order to achieve this, several nanomaterials are being investigated [169,
170]. Particularly relevant are noble metals such as Pt, nickel (Ni), Ag, zinc, and Au, which are
highly utilised to develop novel non-enzymatic glucose sensors [59, 171-173]. The ion
contamination limitation can be eliminated using alkaline conditions on the electrode surface,
as the hydroxyl groups (OH) eliminates the chloride adsorption to the surface [64, 174].

The non-enzymatic glucose oxidation catalytic process involves the hemiacetalic hydrogen
atom abstraction that occurs in parallel with the adsorption of the organic species [175]. This
process is regarded as the rate-determining step in the glucose electro-oxidation catalytic
process. Bruke et al. [175] proposed the ‘‘incipient hydrous oxide adatom mediator’” (IHOAM)
model describing the complex electrocatalytic process of glucose. The IHOAM model
describes the significance of the “active” hydroxide anions in the domain of the electrode
surface produced by the separation of water to the electro-oxidation of glucose and other

organic compounds [167, 168]:

H,0 - H* + OH™ (2.5)

Moreover, the chemisorption of hydroxide anions to the reductive metal adsorption site (M),
results in the production of oxidative adsorbed hydroxide radical (MOHags) according to the

following equation [176]:

M + OH™ — MOH, 4 (2.6)

From Equations (2.5) and (2.6) it is possible to observe that the MOHags formation increases
by increasing the concentration of OH-. Therefore, non-enzymatic glucose sensing is a pH

dependent process, and an highly alkaline environment improves its sensitivity [174].
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2.1.8 Metal-Based Glucose Sensors

Several metals, especially noble metals, have been studied as a base material for the electrodes
of non-enzymatic glucose biosensors [63, 177]. As a result, a deeper understanding of the
glucose direct oxidation mechanism was achieved, showing that the mechanism depends
directly on the metallic catalyst used in the electrode [110,137,138]. Moreover, advances in
material science led to the development of several metal alloys and hybrid materials, allowing

for improved properties when compared to noble metals and metal oxides alone [60, 178-180].

2.1.9 Pt-Based Glucose Sensors

Pt is widely used as an electrocatalytic electrode material due to its high catalytic activity and
stability [175]. The glucose oxidation mechanism on the Pt electrode can be described using
C-V, with the corresponding plots presenting three distinct peaks (Figure 2.7). The first peak
(potential region 0.15 V - 0.3 V vs. RHE (reversible hydrogen electrode) corresponds to the
hydrogen region and it is characterised by glucose dehydrogenisation leading to glucose
adsorption to the electrode surface [175]. The second peak (potential region 0.4 V - 0.8 V vs.
RHE) represents the double layer region and it is associated to the water dissociation process
(Equation (2.5)) followed by glucose oxidation that occurs at a lower potential than the required
glucose thermodynamic oxidation potential as predicted by the IHOAM model [167, 175]. The
third region (potential region higher than 0.8 V vs. RHE), corresponds to the oxide region. In
this region, the Pt electrode surface is oxidised changing to PtO. As a result, the glucose
oxidation becomes diffusion-controlled, leading to direct bulk glucose oxidation on the oxide

layer instead of a surface-bound reaction [167, 181].
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Figure 2.7: Cyclic voltammetry graph displaying three potential regions where glucose is
electro-chemically oxidised at a Pt electrode [159].

Noble metals such as Pt and Au, experience a large oxidative current in the double layer region
during cathodic scan. Identical anodic currents appear during the cathodic scan for many other
organic species, specifically alcohols [182]. Investigations of the produced oxidative currents
have demonstrated the current dependence on the glucose concentration [183], pH [184], upper
limit potential [174], surface morphology [185], and electrode ion contamination [62].
Strategies to overcome the Pt limitations comprise nanoengineering the Pt surface, fabricating
nanocomposite structures, adjusting surface morphology, roughness, and increasing porosity
[177, 186-189]. Additionally, the fabrication of nanocomposite Pt-based structures is a widely
used approach to improve the catalytic efficiency of noble metals [22,134,144]. This approach
reduces production costs and the required amount of Pt and augments the surface catalytic
activity by increasing the electrode surface area, evenly dispersing Pt on different substrates
such as graphene [190], CNTs [164], and mesoporous carbon [191].

Xiao et al. [190] developed a flexible electrochemical glucose sensor using free-standing
graphene paper carrying a nanocomposite PtAu alloy and MnO:. Electrodeposition was used
to grow the PtAu-MnO2 nanocomposite on the graphene paper resulting in close contact
between the PtAu alloy and MnOz2. The glucose sensor exhibited high sensitivity of 58.54 pA
mM1cm 2 and a wide linear range from 0.1 mM to 30 mM [156,161,163]. Similarly, Hu et al.
[185] developed a graphene-supported hollow Pt-Ni nanostructure electrode. The electrode
was fabricated using a galvanic replacement approach at ambient temperature. The sensor

presented high sensitivity of 30.3 pA mM~*cm™ and a wide linear range from 0.5 mM to 20
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mM. Chang et al. [192] used a hydrothermal synthesis approach to produce 22 nm Pt
nanoclusters on GO using polyvinylpyrrolidone as a surfactant. The produced sensor showed
high sensitivity of 1.21 pA mMcm™ and a wide linear range from 1 mM to 25 mM [192].
Nguyen et al. [164] developed a non-enzymatic biosensor by electrodepositing Au and
Ruthenium (Ru) on the surface of a CNT-based Pt-nanoparticle hybrid composite in a poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) conductive polymer. The sensor
presented sensitivity of 0.234 uA mM*cm2 and a linear range of 10 mM [164].

A nano-porous Pt electrode is a 2D or a 3D porous film with nanosized pores usually produced
using surface templated electrodeposition [193] and selective dealloying [194]. The pioneering
work of Park et al. [195] demonstrated the potential of using nano porous Pt for non-enzymatic
glucose sensing applications and this was followed by several other studies on Pt film
electrodes [147,158,159]. Lee et al. [177], developed a prototype of a disposable non-
enzymatic blood glucose sensing strip, using nano porous Pt as an electrode material mixed
with poly(vinyl acetate) acting as a binding material. The mixture was then dispensed on the
surface of a conducting circuit screen printed on a polyimide film. The sensor was able to detect
glucose in whole human blood with acceptable stability for 30 days and a sensitivity of 0.0054
nAcm2mgdL™t [177]. Kim et al. [194] selectively dealloyed Si from Pt-Si alloy to create a
nano porous Pt electrode with an increase in roughness due to the higher porosity which led to

higher glucose sensitivity and lower sensitivity to interfering species such as ascorbic acid.

2.1.10 Au-Based Glucose Sensors

Au is an extensively investigated electrode material, characterised by providing a high glucose
oxidation current in both neutral and alkaline environments [193]. However, contrary to Pt its
glucose oxidation mechanism is still vague, requiring further studies. In this case, the cyclic
voltammetry graph only presents two regions, corresponding to the double layer and Au oxide
region [26,29,105,155,168]. Previous studies seem to indicate a dependence between the
oxidation mechanism and the presence of surface oxides such as Au(OH) [184]. Moreover, the
glucose oxidation is not as dominant in the Au oxide region compared to Pt and mainly occurs
in the double layer region where the surface OHads layers are formed [184]. Results also suggest
that high pH levels result in higher faradic current, while at low pH the oxidative current is
only detected at potentials higher than the oxide region [136,155,169].

Different methods such as electrochemical etching and dissolution [148,170,171],
electrochemical deposition [196-198], and thermal annealing [199] have been used to produce

nano porous Au samples aiming to reduce ion contamination and interference with the sensor
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surface. Verma [178], used Oryza sativa (Asian rice) extract as a reducing agent for the bio-
reduction of Au (Au®*) and Ag (Ag*) ions, producing nano precursors leading to the formation
of OD monodispersed tuneable nano porous AuNPs. The obtained nano porous AuNPs were
then used to modify the surface of a GCE and tested for non-enzymatic glucose sensing using
C-V. The electrode had a linear range from 1 to 50 uM and sensitivity of 6.67 pA uM tcm™2
[178]. H202 detection can be also used as an indicator for the glucose presence in a sample.
Xue et al. [200] used magnetron sputtering to fabricate nano porous Au thin films by
chemically dealloying the nano porous Au to obtain a 3D bicontinuous ligament nanopore film.
The film was then used to detect H2O2 with a linear relationship from 0.1 mM to 10 mM [200].
Sanzo6 et al. [198] used bubble electrodeposition to grow Au nanocorals on an Au screen-
printed electrode. The modified electrode was used to directly detect glucose and was assessed
using C-V, showing a linear range from 0.1 to 13 mM, and sensitivity of 0.5 pA mM *cm™2
[198]. Han et al. [199] developed a new facile, environmentally friendly, cost-effective, and
bottom-up approach to obtain a hierarchically porous Au cluster film for direct electrochemical
non-enzymatic glucose sensing. The Au-cluster film consisted of a network structure
interconnected with Au particles and disordered 3D hierarchical pores. The produced film
showed a large surface area, high electrocatalysis, and electroconductivity towards glucose
oxidation. The resulting film had a linear range from 0.01 to 10 mM and sensitivity of 10.76
nA uM~tecm™2 [199]. Scandurra et al. [201] used the dewetting technique to prepare a graphene
paper-based electrode. In this case, an 8 nm thick Au layer was sputter deposited on a graphene
paper and then a laser was used to dewet the Au layer. The laser-based dewetting resulted in
smaller AuNPs on the electrode surface. The sensor had a sensitivity of 1240 pA mM™ cm™2,
The major advantage of using Au-based electrodes for glucose sensing is the higher current
response when compared to Pt-based electrodes, allowing for higher sensitivity and the ability
to detect glucose in a neutral pH [184]. However, the main limitation of Au-based electrodes
is related to the low glucose oxidation efficiency on the Au electrode surface, especially in the
presence of surface OHags [168], which can be reduced by using arrays of nanoelectrodes
spaced by non-electroactive materials. Additionally, as these electrodes are better activated in
alkaline solutions they cannot be used for in-vivo studies, they suffer from surface
contamination from anions such as phosphates and chlorides, and the selectivity is lower than

Pt-based electrodes.
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2.1.11 Transition Metals-Based Sensors

Pt and Au are suitable electrode materials for glucose detection but are expensive. Therefore,
other non-precious transition metals [202] including Nickel (Ni) [27,141,178,179], and Copper
(Cu) [203-205] and their oxides have been investigated. The redox reaction of transition metals
does not follow IHOAM and chemisorption models. Under an anodic bias, transition metal’s
oxide layer oxidizes into a higher oxidation number (i.e., Ni (1) to Ni (111)) [137,178,179]. The
oxidative power of the higher oxide later has enough strength to create surface bound OHads
radicals, which oxidises organic compounds such as glucose on the electrode surface.
Previous studies highlighted that Cu (I1) and Cu (I11) couple on the anodic surface of the Cu
electrode during glucose electro-oxidation in an alkaline environment [206, 207]. Initially the
Cu (OH)2 is oxidised to CuOOH, followed by hydrogen abstraction at the electrode surface,
forming a radical intermediate and reforming the Cu (OH).. Finally, the hydroxyl anions
rapidly oxidise the radical intermediate producing gluconolactone [208]. The main
disadvantage of a Cu electrode is its lack of ability to work in low or neutral pH as the CUOOH
catalysis requires the presence of hydroxyl anions. Another important disadvantage is related
to the competitive ethanol interference which negatively impacts the ability to detect blood
glucose level.

The disadvantages associated with Cu were countered by using Cu nanostructured materials
that enable an increase in the surface area. Recently Chen et al. [209], developed a portable
micro glucose sensor using Cu oxide (CuO) nano-coral arrays (NCA) grown on a nano porous
Cu (NPC) electrode. This non-enzymatic sensor showed high catalytic activity of glucose due
to the CuO nano-coral arrays and high conductivity due to the NPC. The sensor had a sensitivity
of 1621 pA mM™ cm2 and a linear range from 0.0005 to 5 mM. Zhang et al. [210] used a
simple substrate-assisted electroless deposition technique to anchor Cu nanoparticles (CuNPSs)
on the surface of laser-induced graphene (LIG) producing a CuNPs-LIG composite sensor. The
sensitivity of the sensor was 495 pA mM ™! cm™, and the detection limit was 39 uM. Liu et al.
[211] used a wet chemical technique combined with an annealing procedure to produce 3D
copper oxide nanowire arrays (CUONWA) on a copper foam (CF) skeleton. The resulting
CUuONWA/CF platform was used as a glucose sensor, exhibiting a sensitivity of 32,330 pA
MM~ cm2, and a linear range from 0.10 to 0.50 uM. The increased sensitivity of this sensor
can be attributed to the increase in surface area due to the nanowire arrays as well as the porous

copper foam.
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In the case of Ni, which exhibits a similar glucose electro-oxidation mechanism to Cu, Ni (1)
and Ni (111) couple mediate the glucose redox on the electrode surface. Gao et al. [212] used a
femtosecond laser direct writing technique to prepare an Ni foam (NiF). The obtained NiF
exhibited a controlled micro and nano superhydrophilicity structure leading to an increased
detection area and higher sensitivity (13.822 mA mM~! cm2) and a detection limit of 0.0019
mM. Wang et al. [213] used a combination of solvothermal and ultrasonic techniques to
synthesise a hierarchical 3D flower-like nickel (11)-terephthalic acid (Ni(TPA)) metal-organic
framework (MOF), which was used to dope SWCNTSs. The nanocomposite was then used to
modify the surface of the GCE to detect glucose. The sensor had a linear range from 20 pM to
4.4 mM and a detection limit of 4.6 uM. Zhang et al. [214] developed a glucose-sensing
composite through in situ self-assembly of Ni-based MOF in the presence of functional CNTSs.
The sensor had a sensitivity of 13.85 mA mM™* cm™2, and linear detection range from 1 uM to
1.6 mM.

2.1.12 Metal Alloy-Based Glucose Sensors Agriculture

Metal alloys are highly relevant electrode materials due to their high electrocatalysis. The
different atoms inside an alloy create a new binding site or reaction pathway that can greatly
impact the activation or binding energy of the reagent or intermediate, resulting in a possibly
new reaction pathway and reduced overpotential [215]. Novel multi-metallic Pt and Au-based
alloys and advances in computational chemistry have allowed development of electrodes with
improved catalytic efficiency, stability, and anti-interference [25,149,150].

Several noble metal-based catalysts such as Pt-Ag [189], Pt-Ni [216], Pt-Pb [217], Pt-iridium
(Pt-1r) [218], and Au-Pt [179] were investigated for the development of novel electrodes using
electrodeposition or selective dealloying techniques [150,185,196,197]. Lin et al. [189]
prepared a PtAg/MWCNT modified GCE using drop casting. The sensor was used to determine
the glucose level in bovine serum albumin samples and showed a linear detection range from
1 to 25 mM and sensitivity of 115.5 pA mM *cm2 [189]. The combined use of Pt and Ag
resulted in a low overpotential, high sensitivity, and good stability when compared to
monometallic-based non-enzymatic glucose sensors. Pt and Ag were also drop casted on the
surface of a boron-doped diamond electrode (BDD) resulting in a modified electrode with high
stability and selectivity [219]. Different percentages of Pt and Ag were investigated, and the
best results were obtained for a 50/50 Pt to Ag ratio. The obtained non-enzymatic sensor had a
linear detection range from 0.01 to 7.5 mM and a limit of detection of 0.007 mM [219].
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Bimetallic systems were also investigated using one noble metal and one transition metal.
Guascito et al. [220] modified the surface of a Pt electrode using tellurium microtubes through
a drop casting method. The produced non-enzymatic glucose sensor was compared to a non-
modified Pt electrode and showed higher sensitivity, stability, and reproducibility. The sensor
exhibited two linear ranges with different sensitivity for each range - first range between 0.1
and 1 mM and sensitivity of 522.61 uA Mm ‘cm~2and second linear range from 1 to 29 mM
with a sensitivity of 62.45 pA Mm 1cm2[220]. Guo et al. [221] fabricated Pt-Cu nano strands
(70/30 Pt to Cu ration) using wet chemistry and the nano strands to modify the surface of a
GCE. The produced sensor had a linear oxidation current of glucose ranging from 0.1 to 19
mM, sensitivity of 23 nA mM cm 2, and the interference from ascorbic acid, uric acid, and
fructose was avoided [221].

Metal alloy-based non-enzymatic glucose sensors have great potential in facilitating glucose
electro-oxidation with several studies [168] showing its higher sensing performance compared
to monometallic-based sensors [222]. The alloy-based sensors typically based on Pt or Au are
usually more expensive but present better current response and anti-interference, whilst

operating in a neutral pH environment.

2.1.13 Conclusion and future perspective

Due to health and regulatory pressures, the demand for low-cost, efficient, and accurate glucose
sensors is significant, and the glucose market size is expected to be worth $36.7 billion by 2026
[223]. This section reviews the current state-of-the-art of glucose sensors considering two
major groups of sensors: enzymatic and non-enzymatic.

As discussed in detail, enzymatic-based glucose biosensors seem to correspond to the ideal
model for glucose biosensing. However, many challenges such as short operational lifetime,
temperature, and pH range, are limiting their performance requiring the use of more advanced
materials and fabrication techniques. Currently, the most used materials are noble and
transition metal nanoparticles, CNTs, graphene, and nanostructured metal oxides and different
techniques were explored including using semi-permeable films, conductive polymers, and
metal-based mediators. Further studies are also required to improve the selectivity and stability
of these sensors and novel fabrication techniques should be considered to allow miniaturisation.
Besides glucose oxidase, other enzymes such as pyranose oxidase (POx) [224], which is a
promising enzyme belonging to the glucose-methanol-choline (GMC) superfamily, have been
investigated. POx has a higher thermal stability compared to GOx and it is not glycosylated thus
presenting a shorter distance between the enzyme active site and the electrode, leading to better
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electron transfer and thus higher sensitivity. The main drawback of POx is its lower oxygen
turnover compared to GOx which can interfere with its sensitivity. This drawback could be
improved by tailoring the enzyme (e.g., genetic modification or selective breeding) [225, 226].
Additive manufacturing (3D/4D printing) (see Section 2.2) is developing at a fast rate with
increasing choice of material selection [227]. Materials such as conductive polymers can be
used in additive manufacturing to fabricate the enzymatic immobilisation matrix. Additive
manufacturing builds products layer by layer which enables the fabrication of not only the
surface of the biosensor but also a full biosensor with interchangeable materials to vary and
control the biosensor properties. The combined use of additive manufacturing and smart
materials (materials that respond to an external environmental stimulus), usually named as 4D
printing [228, 229], seems to offer significant potential to produce interactive systems that
allow the biosensor to detect glucose only in specific scenarios.

Other potentially relevant manufacturing strategies, not fully explored, including screen-
printed electrodes [230], ink jet sputtering [231], and nanolithography [232], all of them
presenting advantages and drawbacks. Screen-printed electrodes are portable, disposable, low
cost, and easy to use, but suffer from stability problems as the enzyme is immobilised in the
ink which can leak with repetitive use, as well as ink dissolution [233]. Ink jet sputtering can
be used to print any computer-generated pattern on the printing surface allowing the deposition
of multilayers of enzymes, and the automatisation of the manufacturing process. However, this
technique presents some limitations such as the lack of control on the layer homogeneity due
to nozzle clogging and irregular droplet sizes, adverse effects on the enzymes due to printing
stresses, and the potential contamination of the ink due to the refilling step [234].
Nanolithography allows for high fabrication resolution, being able to pattern biomolecular
materials on many substrates, but the thermal force due to the increase in temperature can result
in enzymatic denaturation and it is an expensive technique [235]. Moreover, the relationship
between the enzyme’s conformation and the enzyme’s catalytic activity requires further
research, which will potentially lead to significant innovations in the enzymatic biosensor field.
Contrary to enzymatic sensors, non-enzymatic glucose sensing presents higher stability,
selectivity, less complex manufacturing procedures, and clinical uses [236]. The most used
materials are Pt and Au composites and alloys, and popular techniques are electrodeposition,
dewetting, and selective dealloying. Non-enzymatic sensors have been demonstrated to be
functional for more than 30 days in undiluted whole blood after sterilisation, which is not

possible with enzymatic sensors [236]. However, they still face several key challenges such as
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using alkaline operating conditions in testing, the high cost of materials, and the need for a
protective layer on the surface to enhance selectivity.

Typically, glucose biosensor investigations focus on materials and manufacturing techniques,
neglecting aspects related to the testing conditions. However, these testing conditions are
usually impractical for usage in the human body which is the goal for clinical glucose sensors.
A major limitation, which must be addressed in the future, is the lack of standards for testing
and evaluation of different sensors against a specific criterion.

Further research is also required to fully understand the sensing mechanism of different
materials and to explore techniques such as 3D/4AD printing to produce glucose sensors,
especially with the maturation and cost reduction in metal-based printing strategies such as
electron beam melting [237]. Using different materials and combinations also hinders the
commercialisation of non-enzymatic sensors which is a very important aspect to be considered.
Disposable printed electrodes for direct electrochemical sensing would also help in reducing
cost while increasing usage simplicity. The development of conducting polymeric nanowires,
embedded metal nanoparticles in polymeric films, and polymeric ionic liquids are all important
trends with high potential to expand the usage of biosensors in other fields such as point of care
testing, agriculture, explosive and biological warfare agents detection [238].

Biosensors are a fast-growing field attracting researchers from different disciplines. Due to
significant progress in areas related to advanced materials, manufacturing technologies,
Internet of Things and artificial intelligence, it is foreseeable that the next generation (fifth
generation) of biosensors will be able not only to monitor glucose levels but also able to

respond to changing cues, predicting trends, and helping in managing glucose levels [239].

2.2 4D printing of Shape Morphing Polymers*
2.2.1 Introduction

Smart materials are a special class of materials that demonstrate an intelligent behaviour, being
able to respond to external stimuli [240]. This response depends on the type of material,
additives, and/or material morphology [241, 242]. The material response can be programmed
by one or several cycles of activation that tune the state/microstructure of the material. Smart

materials exhibit these functions on their own, as well presenting intelligence in the form of

* This section is partially based on the following submitted publication: Abdalla Omar, Mohamed Hassan, Wajira
Mirihanage, Paulo Bartolo — “4D printing of Shape Morphing Polymers™, International journal of Bioprintring.
Mohamed Hassan main contributions: data collection, data analysis, writing and reviewing the manuscript
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self-sensing and control [243]. This is an emerging field and different definitions for smart
materials have been proposed as summarised in Table 2.1. In the scope of this Section, smart
materials are considered as functional, active, or intelligent materials with special behaviour
due to their molecular structures, morphologies, and/or compositions, which can respond to a
stimulus and in exchange produce a response. Smart materials exhibit highly relevant
properties such as self-healing, self-reinforcing, self-sensing, colour-changing, viscosity-
changing, light/matter-emitting, optically changing, and shape-morphing, making them
relevant to a variety of fields such as agricultural, structural, aerospace, robotics, electronics
and biomedical [244-249].

Table 2.1: Common definitions of smart materials.

Definitions References

Smart materials consist of materials which respond to changes in their environment, thus
rendering them stimuli responsive.

Smart materials are materials and structures with built-in sensing and/or actuation
functions

Smart materials are materials whose properties (mechanical, optical, electrical, thermal,
chemical, electromagnetic) are changeable in response to a change in one of the [3]
surrounding properties of its environment.

Smart materials are materials which can show noticeable changes in their properties
with environmental stimulation

Smart materials are a special class of materials of which the material properties can be
influenced in a significant or novel way by changing the environmental conditions in [253]
which they operate.

Smart materials are common name for a wide group of different substances. The general
feature of all of them is the fact that one or more properties might be significantly altered [254]
under controlled condition

[250]

[251]

[252]

Shape morphing materials, which can change shape in the presence of an appropriate stimulus,
are a promising subclass of stimuli-responsive materials. These materials were firstly reported
by Greninger and Mooradian in 1938 [255] which used the term “shape-memory” to describe
the behaviour of cooper-zinc (Cu-Zn) and cooper-tin alloys (Cu-Sn) and by Chang and Read
[256] on gold-cadmium (Au-Cd) alloys. Similar effects have been reported for other copper-
based (Cu-Zn-Al, Cu-Al-Ni, and Cu-Mn), iron-based (Fe—Pt and Fe Mn—Si), and nickel-based
(Ni—Ti and Ni Mn—Ga) alloys [257-259]. Nitinol (Ni-Ti alloy) was first patented in 1965 by
Buehler et al. [260, 261]. Similarly, Vernon [262] used the term “shape-memory” in a US
patent to describe the behaviour of methacrylic ester-based dental materials. In the 1960s,
covalently crosslinked polyethylene (PE) was used to fabricate heat-shrinkable tubing [263].
Later, CDF Chimie (France) and Mitsubishi (Japan) developed polynorbornene and
polyurethane (PU) shape memory polymers, respectively [264, 265]. Since these pioneering
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studies, a wide range of smart materials have been investigated including multiple
thermoplastics, thermosets, elastomers, hydrogels, liquid crystals, and composites [266-268].

Smart alloys present very interesting properties such as excellent mechanical properties, high
actuation stresses (> 400 MPa) and high energy density (~1200 J/kg) [269]. However, they
have limitations in terms of actuation strain (max of 8%), actuation frequency due to the slow
recovery, energy efficiency (< 15%) and transformation induced plasticity [269]. Moreover,
they are difficult to process and expensive [270]. On the other hand, shape morphing polymers
easily respond to the same stimulus, present lower density, large shape deformability, high
recoverable strain, being less expensive and easy to process [271-273]. A brief comparison
between shape morphing alloys and polymers is presented in Table 2.2. Due to these
advantages shape morphing polymers are gaining increasing relevance as shown in Figure 2.8,
which presents the number of papers published since 1961, based on a search using the Scopus
database and the following keywords: “shape morphing polymers”, “shape memory polymers”,
“shape changing polymers”, “shape morphing materials”, “shape memory materials” and
“shape changing materials”. As observed the number of published papers focusing on smart
polymers accounts for almost 25%.

Table 2.2: Relevant properties of shape morphing alloys and polymers [35, 36]

Alloys Polymers
Density range 6-8 (g/cm?®) 0.9-1.1 (g/cm?®)
Shape recovery percentage <8% <800%
Processing conditions >1000 °C; high pressure <200 °C; low pressure
Stiffness (GPa) ~80 0.01-0.03
Deformation stress (MPa) 50-200 1-3
Recovery stress (MPa) 150-300 1-3
Response time <ls >1sto1min
Number of cycles High Very high
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Figure 2.8: Trend in Shape Morphing Polymers publications by decade.

Up-to-date research and review papers discuss shape memory polymers extensively presenting
different responses, morphologies, and applications. With the increase in reversible shape-
effect polymers, there is a need for a classification of different functional mechanisms
including reversible and non-reversible shape-effect polymers, morphologies, and applicable
characterization techniques. Based on this knowledge, we propose a general classification of
shape-effect polymers combining reversible and non-reversible shape-effect polymers into

shape-morphing polymers.

2.2.2 Classification

Shape-morphing polymers are broadly classified based on their functionalities, morphologies,
and stimuli.

2.2.3 Functionality

Shape-morphing polymers exhibit a deformation response when a stimulus is applied, and can
be classified as follows (Figure 2.9) [274, 275]:

e Shape memory polymers (SMPs) present a non-reversible deformation to a temporary
programmed shape when a stimulus and a force are applied, and then recover to their
original shape either instantly or gradually when the stimulus is applied (Figure 4a).
Examples include polylactic acid (PLA), thermoplastic polyurethane (TPU), and
polyethylene terephthalate glycol (PETG) [276-278].
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e Shape changing polymers (SCPs) present a reversible deformation behaviour either
instantly or gradually when the stimulus is applied or removed without the need for an
external force (Figure 4b). Examples include Polyvinylidene Fluoride (PVDF),
Azobenzene, and Polyvinyl Chloride (PVC) [279-281].

e Hybrid shape polymers (HSPs) exhibit the behaviour of both SMPs and SCPs [282-
284].

ngrammmg Fixing the shape Recn-.lerv

Original Shape Temporary Shape Fixed Shape Original Shape

(b)

Stimuli On ~—

1 Stimuli Off —

Figure 2.9: Subclasses of shape morphing polymers: (a) shape memory polymers, (b) shape
changing polymers.

Design the functionality can be achieved by controlling the activation energy (Figure 2.10).
The non-reversible and slow-shape-morphing effect, known as the shape memory effect, is
characterised by a high-energy barrier. However, the reversible and fast shape-morphing-effect

is characterised by low energy [285, 286].
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(a) Shape Memory-Effect
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(b) Shape Changing-Effect

Figure 2.10: Activation energy requirements for SMEs and SCPs, where H is the energy
barrier for the shape memory effect, and H’ is the energy barrier for the shape changing
effect. (a) Shape memory-effect: the material beginning in State A (original shape) and can
go to state B (temporary shape) when the appropriate stimuli supply enough energy to
overcome the energy barrier H and load. (b) Shape changing effect: the material beginning in
State A’ (original shape) can go to State B’ (temporary shape) when the appropriate stimuli
supplies enough energy to overcome the energy barrier H’.

Multi-responsive polymers can follow non-sequential and sequential pathways as shown in
Figure 2.11. Orthogonal or non-sequential multi-response materials (Figure 2.11a) are the ones
that exhibit multi-responses each one independent from each other. An example is a smart
tissue engineering scaffold that presents a shape-memory effect to self-adjust to a specific
defect (Output 1), triggered by body temperature, and a degradation response (Output 2) due
to hydrolysis and/or enzymatic activity. Sequentially multi-responsive materials (Figure 2.11b)
exhibits coupled multi-responses. An example is a hydrogel-based drug release system that
changes its shape (Output 1), due to pH or temperature changes, releasing the encapsulated
drugs (Output 2) (Figure 2.12).
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Figure 2.11: Orthogonal (i), and sequentially (ii) coupled functions.
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Figure 2.12: Smart multi-responsive hydrogel-based drug delivery system.

SMPs and SCPs can be engineered to exhibit one, two, or multiple responses based on
programmed inputs [38]. At the macroscopic level, few properties (e.g., shape fixity, recovery,
and recovery time) can be evaluated to assess the responses and extent of shape-morphing
polymers. The ability to switch segments to fix a mechanical deformation, known as shape
fixity ratio (Rr), describes the ability of the material to maintain the programmed shape after

the stimuli is removed, and can be described as follows [287, 288]:

g (N) —&,(N—1) (2.7
Em(N) — &, (N — 1)

Rf(N) =

where N is the number of cycles, &, (N) is the strain after removing the stimuli, £,(N) is the

strain in the temporary state, and ¢,,, (N) is the maximum strain [289].
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Shape recovery (Rr), describes the ability of the material to recover to its original shape and

can be evaluated on a per-cycle basis after N cycles to that of the permanent shape [287, 288]:

& — &, (N) (2.8)
em(N) —&,(N — 1)

Rr(N) =

The shape recovery time (Rr.w0t(N)), or the time required for the material to reach a recoverable

strain is given by the following equation [290-293]:

Em—&p(N)

Rr,tot(N) = — (2.9)

Em

2.2.4 Morphology

The morphology of shape-morphing polymers comprises (a) net points that behave as
connecting points being responsible for the permanent shape, and (b) active segments
responsible for the shape-morphing effect [294, 295]. Net points can be chemical crosslinks
(covalent bonds) or physical crosslinks (physical interactions, chain entanglement,
interpenetrated polymer networks, and crystalline and glassy polymer segments) (Figure 2.1)
[296, 297]. Physical crosslinks are reprocess able, allowing the material to be reprogrammed
to change its temporary shape if desired [296-298], but they can degrade throughout their
lifetime, which might compromise their long-term performance [296, 297]. Chemical
crosslinks cannot be reprocessed, thus improving both the performance over shape-morphing
cycles and recovery [299, 300]. Active segments are polymer chains between net points and
usually involve supramolecular interactions (e.g. hydrogen bonding, metal coordination, ionic
interactions, and ©n—m or arene—arene interactions) in which non-covalent forces hold the
structure together, reversible interactions/bonds, isotropic-anisotropic phase transition,

vitrification-glass transitions, and crystallization-melting transitions [300, 301].

56



. Types of Net-points
Net-Points
P Interpenetrated Network

\
\
\

Crystalline Network
Cyclodextrin Network
Chain Entanglement

Chemical Crosslinking

Types of Active-segments

Crystallization - Melting Transition
Vitrification - Glass Transition

Supramolecular interaction
Molecular Crosslinking

Active-Seéments Isotropic - Nonisotropic Transition

Figure 2.13:Active segments and crosslinks found in different types of SMPs.
2.2.5 Stimuli

Shape-morphing polymers can also be classified based on the stimuli they respond to as shown

in Figure 2.14 and discussed in detail in this sub-section.

Stimuli
L
Thermo- Photo- Electro- Magneto- Chemo- Bio-
responsive responsive responsive responsive responsive responsive

Ph- Solvent- lonic- Redox- Enzyme-
l responsive l responsive l responsive l responsive l responsive

Figure 2.14: Classification of shape-memory polymers based on the stimuli they respond to.

2.2.6 Thermo-responsive

Thermo-responsive polymers comprise thermoset SMPs (TS-SMPs) and thermoplastic SMPs
(TP-SMPs) materials [302-304]. TS-SMPs are based on chemical crosslinks (e.g. covalent
bonds) formed by the reaction between two functional groups, while TP-SMPs are based on
physical crosslinks (e.g. dipole interactions, London dispersion forces, and hydrogen bonds)
[305]. Moreover, physically, and chemically crosslinked polymers can exhibit both crystalline
and glassy networks. Therefore, the responsive mechanisms of TS and TP-SMPs differ because

of the nature of the crosslinks that determines if the shape is permanent or not, and the network
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type that determines the transition temperatures (Ttans) for each class of materials [306].
Multiple material composite networks exhibit multiple Twans as shown in Figure 2.15. These
different polymers can be summarised as follows:

e Physically crosslinked crystalline networks (Type I, Ttrans = Tm),

e Physically crosslinked glassy networks (Type I, Tirans = Tg),

e Covalently crosslinked crystalline networks (Type I, Ttrans = Tm),

e Covalently crosslinked glassy networks (Type Il, Ttrans = Tg),

e Multiple composite networks (Type 1, Tirans = Tg and Tirans = Tm)
Figure 2.16 highlights the thermo-response of a shape morphing polymer going from cold state
(blue) to hot state (red) [307].

Multiple
Composite
networks
(Type III)
p "(Témns=Tm=TgJ} -
Physical | ' . Covalently
Cross linked |~ .| Cross linked
networks | networks
(Type ) | _ (Type 1)
Crytalline Glassy Crytalline Glassy
( Tlrans= Tm) ( Trrans: Tg) (—"rfh'ﬂﬂ;: -'rm) . I . ( Tfmm:-’rg)

Figure 2.15: Different classes of thermo-responsive polymers.
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b)

Figure 2.16:Thermo-responsive SMP highlighting shape changing behaviour: (a) Cold state:
at equilibrium the part is in its original shape, (b) Hot state: increase in temperature will
activate the shape morphing effect into the temporary shape.

Liquid crystal elastomers (LCES) are thermoplastic materials with the unique ability to undergo
a phase change when heated above the transition temperature (Ttans). This phase change occurs
from the ordered nematic phase to the disordered isotropic phase, and as a result, the LCE
begins to contract along the direction of alignment and expands in the orthogonal directions.
This phase change is reversible upon cooling the LCE [308, 309].

2.2.7 Photo-responsive

Photo-responsive polymers are obtained by adding a proper chromophore or nanofiller to the
polymer. Therefore, two different mechanisms can be obtained. The addition of nanofillers
induces a photothermal mechanism, where the activation mechanism is due to the fillers
absorbing the irradiated light and transforming it into heat, which triggers shape-morphing
effects. In contrast, photochemical molecules absorb light and transfer it to chemical energy,
causing isomerisation, scission, or the formation of extra crosslinks [310-313].

An example of a photo-thermal-responsive polymer is LCE, demonstrating this functionality,
where heat is dissipated to trigger a phase transition from an ordered nematic phase to a random
phase presenting a large reversible volume contraction [314]. Another example is the use of
polymers with different coefficients of thermal expansion (CTE) as a bilayer structure,
resulting in a bending motion [315]. Polymers with photothermal fillers such as graphene oxide
(GO), carbon nanotubes (CNT), carbon black (CB), gold, cellulose, and dyes can exhibit this

functionality and large reversible reactions [314-318].
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Photochemical fillers can act as crosslinks if the reaction is irreversible, or as active segments
and reversible crosslinks if the reaction is reversible [319]. Upon activation each chromophore
undergoes different reactions. Common crosslinkers, such as azobenzene, undergo reversible
trans-cis isomerisation when subjected to UV-visible light, mechanical stresses, or electrostatic
simulation [320-322]. Other chromophores, such as cinnamic esters, coumarins, and
diarylethenes, undergo a [2+2] cycloaddition, while fulgides undergo ring-opening/closing
isomerisation reactions [323, 324]. Spiropyran and spirooxazine undergo photocleavage under
UV irradiation [325], salicylideneanilines undergo enol-keto tautomerization [326], and
anthracene undergoes a 4+4 photocycloaddition reaction under UV irradiation [327]. The same
molecules can also undergo other reactions, depending on the synthesis route and whether they
are substituted or a derivative [328, 329]. Examples of photothermal and photochemical

processes are shown in Figure 2.17.
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Figure 2.17: Activation scheme for light responsive polymers [311].
2.2.8 Electro-responsive

Electro-responsive polymers can be classified as lonic electroactive polymers (IEAPs) and
Intrinsic- or Extrinsic-Electronic electroactive polymers (EEAPs) [330-333]. IEAPS react to
the movement of ions or molecules, causing dimensional changes in the intermolecular or
intramolecular interactions (Figure 2.18) [334, 335]. The advantages of IEAPs include
significant displacements, low operating voltages, and bidirectional actuation based on the
voltage polarity. However, IEAPs cannot hold strain under DC voltage, except for conductive

polymers (CPs) and carbon nanotubes (CNT). These materials also present a slow response,
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and bending induces low actuating forces (REF). Moreover, they suffer electrolysis at higher

voltages (aqueous systems), and have low electromechanical coupling efficiencies [336-338].

Ionic conductive Polymers Intrinsically Conductive Polymers  Percolated Conductive Polymers

@)

Figure 2.18:1IEAP mechanism (Left), EEAP-Intrinsic (middle), and EEAP-EXxtrinsic (right).

IEAPs function is based on ion migration. However, the mechanism of each material varies
only marginally. lon-exchange polymer-metal composites (IPMC), an important sub-class of
IEAPSs, present a polyelectrolyte membrane plated with a noble metal and neutralised with a
counter ion to balance the charge of the positive ions covalently bonded to the backbone.
Bending arises from the negative ion movement under an applied voltage [339]. On the other
hand, ionic gels consist of a simple structure where the gel embedded with ionic liquid is
sandwiched between flexible electrodes, and as the voltage is applied electromechanical
motion takes place because of ions travelling towards the opposing electrode [340]. Carbon-
based materials, such as carbon nanotubes (CNTSs) suspended in an electrolyte, form a double
layer with the nanotubes, allowing the injection of charges which in turn changes the charge
balance. In addition, the number of charges affects dimensional changes. Electrons leaving will
result in an overall positive charge that will create repulsion and increasing bond length, and
the addition of electrons will also cause the opposite [341].

EEAPs react to electric fields and Coulomb forces [342], and the activation is caused by
intrinsic or extrinsic conduction mechanisms (Figure 2.18) [337]. The advantages of EEAPS
are their ability to function under room conditions for a long time, quick response
(millisecond), ability to hold strain, and to produce large actuating forces [343]. However, they
require very high field strengths and voltages (20 — 150 V/um), and the actuation is independent
of voltage polarity [338, 344].

EEAP-Intrinsic are regarded as synthetic metals as they have similar electrical, magnetic, and

optical properties to metals and semiconductors [345]. This is because of the conjugated nature
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of the polymer, where there is an alternating single- and double-bond sequence in the polymer
backbone [346]. This configuration leads to the creation of high-energy orbitals with
delocalised polarisable m-electrons. However, the real use is only realised after doping to
improve charge carrier movement and conductivity [345, 346]. The advantages include ease of
processing, soft/compliance, conductivity, biocompatibility, and tunability [347].

EEAP-Extrinsic are prepared by adding conductive fillers to the polymer matrix. When fillers
exceed a minimum concentration value, known as the percolation threshold, one or more
continuous networks form throughout the polymer [348]. Therefore, conductive paths are
created for the charges to flow through, due to the proximity of the fillers [349]. This
percolation limit depends on the polymer matrix, filler conductivity, filler shape, mixing
method (preventing agglomeration), and polymer-filler interaction [350-352]. A major
advantage is their tunability using different additives, which improves their mechanical

properties [349].

2.2.9 Magneto-responsive

Magnetic-responsive SMPs and SCPs are obtained by adding magnetic nanoparticles (MNPs)
such as Ni, Fe3O4, Fe20s, niquel-manganese-gallium (Ni-Mn-Ga), NiZn and neodymium-iron-
boron (NdFeB). Fillers such as magnetite nanoparticles (FesOa4) also exhibit low cytotoxicity
and excellent magnetic properties.

Magnetically induced recovery is caused by inductive heating (eddy currents, hysteresis, and
rotational losses) of the magnetic particles under an alternating magnetic field. The application
of a magnetic field induces two mechanisms. The first mechanism takes place when the
magnetic field affects the average interaction between moments in the system [353]. Therefore,
upon the application of the magnetic field, the moments co-align, and the average interaction
becomes direction-dependent, resulting in an elongation parallel to the field and a shrinkage in
the perpendicular direction. Adequate interactions between the particles are critical to achieve
this. In the second mechanism, ahomogenous field is applied to a material, with particles acting
as crosslinkers. The applied field causes the particles to rotate, and the strain is transferred to
the polymer, resulting in an overall shape change.

There are five possible magnetic states: (a) paramagnetic, (b) diamagnetic, (c) ferromagnetic,
(d) antiferromagnetic, and (e) ferrimagnetic, as shown in Figure 2.19 [354]. Depending on the
magnetic state, the application of an external magnetic field can highlight the different pole
alignments of these states, where each state represents a particular texture. The degree of

alignment describes the magnitude of the magnetic moment and susceptibility of the magnetic
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material. Ferromagnetic materials exhibit the highest alignment, followed by ferrimagnetic,
antiferromagnetic, paramagnetic, and diamagnetic materials [355]. The approach of using
magnetic nanoparticles below a critical size reduces the domains to a single domain that
exhibits uniform magnetisation and no hysteresis loop. This behaviour is labelled as
superparamagnetic. Therefore, MNPs have large magnetic moments and behave like large

paramagnetic atoms with fast responses [353].
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Figure 2.19: Different magnetic states diamagnetic, paramagnetic, ferromagnetic, (d)
ferrimagnetic, and antiferromagnetic [156].

2.2.10 Chemo-responsive

Several materials fall under the chemically responsive group of polymers including pH-
responsive materials, which can swell or shrink because of the pronation or ionization of
chemical groups [356]. pH-responsive materials exhibit a polyelectrolyte functionality due to
the pronation of polymers. This occurs when a proton is accepted or donated based on changes
in pH causing a globule-coil transition (polymer chain coiling) due to electrostatic repulsion of
charged functional groups or globule structure if the charge is neutralized [357]. Weak poly
bases accept protons under acidic conditions, or weak polyacids that donate protons under
neutral and basic conditions and still accept protons under acidic conditions, as shown in Figure
2.20 [358]. Examples of weakly acidic polymers include those containing carboxylic groups,
sulfonic acids, phosphonic acids, and boronic acids, while weakly basic polymers include
amine groups, morpholino and pyrrolidine, piperazine and pyridine, or dendrimers [359].
Natural polymers such as collagen, gelatine, and keratin, commonly used for tissue engineering

applications are pH-responsive [359].
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Figure 2.20: The effect of pH changes on pH-responsive hydrogels [158].

Another type of chemically responsive materials are solvent-responsive polymers, whose
response depends on the type of solvent and polymer being used. For example, water-
responsive polymer functions are based on the chemical reaction with water that acts as a
plasticiser to reduce the transition temperature or by interacting with hydrogen bonds [360,
361]. It also occurs through physical interactions, such as water migration in the structure,
inducing shape changes and recovery [360]. ]. Relevant polymers include polyurethane with
pyridine moieties, cross-linked poly(vinyl alcohol) (PVA), cross-linked poly(ethylene glycol)
(PEG), and polycaprolactone (PCL) [361, 362]. A common feature of these materials is the
presence of hydrophilic or hydrophobic segments.

The effects of different solvents (e.g., water, dimethyl sulfoxide (DMSQ), methanol, acetic
acid, and tetrahydrofuran) were assessed on some materials, such as cross-linked PVA.
Solvent-induced swelling reduces the glass transition temperature and flexibility of the polymer
chain segments, thereby triggering shape recovery. The type of solvent strongly determines the
absorption, diffusion, and interaction with the functional groups in the polymer (e.g. hydroxyl)
[363]. Other examples of PVA embedded with graphene oxide (GO) also indicate that water
immersion can result in hydrogen bond formation with the hydroxyl group, which can affect
the hydrogen bond between PVA and GO [364]. Competitive hydrogen bonding reduces the
internal energy and has a similar effect on increasing temperature [364]. It was also reported
that polyurethane with cellulose nano whiskers (CNW) when exposed to water, exhibits a
phenomenon like PVA-GO with competitive hydrogen bonding between water and CNW. This
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leads to reduced hydrogen bonding and weakens the CNW network, and the change in stiffness

allows shape change and recovery of the composite, as shown in Figure 2.21 [365].
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Figure 2.21: Shape morphing of PU nanocomposite during wetting/drying cycle [165].
2.2.11 Bio-responsive

Redox/glucose-responsive polymers can mimic the response of the human body to glucose
fluctuations and insulin secretions [366-368]. This response is typically produced through the
enzymatic oxidation of glucose-by-glucose oxidase (GOx), binding of glucose with lectin, or
phenylboronic acid moieties [369]. The polymer does not directly detect glucose, but by-
products such as gluconic acid produced through the enzymatic oxidation of glucose. The
response mechanism can be explained by the conjugation of GOx with poly (acrylic acid)
(PAA), leading to the conversion of glucose into gluconic acid, pronating the PAA carboxylate,
and reducing the pH. A reduction in pH leads to the release of insulin, which mimics the
endogenous secretion of insulin by the pancreas.

Molecules such as diglucosylhecadiamine have also been used [370]. In this case, the material
responds to an increase in the glucose concentration by decreasing the crosslinking density of
the gel, thus secreting insulin. A reversible mechanism can be achieve through the crosslink
between diglucosylhecadiamine and borate polyol | [357]. A similar strategy was used to
produce shape memory effects through the oxidation of glucose by GOx to produce hydrogen
peroxide, an oxidant that interacts with a cyclodextrin modified chitosan and ferrocene
modified branched ethylene imine polymer (B-CD-CS/Fc-PEQO). This structure has both
reversible redox phases and covalent crosslinks [371].

Enzyme-responsive polymers can catalyse the conversion of molecules (substrates), and the

design of such polymers can produce structures with enhanced triggering specificity and
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selectivity [372]. Shape recovery is triggered when enzymatic-catalysed degradation occurs.
This mechanism depends on the dose of the enzyme supplied, time, sensitivity and active
segments [373].

2.2.12 4D printing

The combined used of additive manufacturing (3D Printing) and smart materials has been
termed as 4D printing. The fourth dimension is functionality or time [374]. 4D printing results
in dynamic structures in contrast to static structures produced by conventional additive
manufacturing [375]. These dynamic structures can be utilised for several applications,
including sensing, actuating, electronics, and biomedicine [376-378].

The most common AM systems for 4D printing of SMPs are Extrusion based printing including
fused deposition modelling (FDM), Vat Polymerisation (VP), and Material Jetting (MJ)
(Figure 2.22) [356, 379]. Printing parameters can control the performance of SMPs printed
parts, as they affect their morphology [380-383]. Moreover, various factors must be considered
prior to the selection of the printing method: (1) material rheological properties, (2) material
thermal stability, and (3) form of the material (e.g., pellets, filaments, ink, gel) [384-386].

[ 4D printing techniques ]

b)

Material Extrusion (ME) Vat Photopoly merization (VP) Material Jetting (MJ)

Figure 2.22: 4D printing techniques used for shape morphing polymers, (a) ME, (b) Vat
photopolymerization, and (c) MJ.

Fused-deposition modelling (FDM) uses filaments for printing, such as thermos-responsive
shape memory polymers (e.g., Polylactic Acid (PLA), Polyethylene terephthalate glycol
(PETG), Thermoplastic Polyurethane (TPU), and Polyamide (Nylon)) [387-389]. The
challenge of using FDM is the availability of filament materials. It is possible to address this

issue by using screw-assisted 3D printing, which allows the use of granular materials such as
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pellets [390]. In addition, the screw presents improved mixing, homogeneity, and orientation
of polymer chains and crystals. This allows to control the physical properties through the screw
rotation and printing temperature [391, 392]. Challenges faced by extrusion-based AM
processes included the limited printing resolution due to the dependence of the viscosity on the
highest temperature achievable, and limited nozzle sizes. Moreover, the use of temperature can
degrade some temperature-sensitive polymers, therefore, limiting their functionality [393].
Vat photopolymerization uses light to activate photo-initiators which trigger a chemical curing
reaction [394]. The advantage of such technique is the high resolution and ability to control
monomer and crosslinker content. However, vat photopolymerization systems are expensive,
and there is a strong dependency between resolution and material viscosity tat as also an impact
on the overall printing time [395].

Material jetting is based on ejection of liquid droplets. Inks used must be very fluid to address
problems related to nozzle clogging, and that can also limit the concentration of added material
[396].Direct ink writing (DIW) it a strategy which combines elements of material extrusion
and the use of inks with a wider range of viscosities without relying on temperature [396]. The
extrusion of the material is through pneumatic, mechanical pistons, or screw rotation. Ink
structure and composition can affect the resolution, viscosity, and properties of the material,
thus, ability to design an ink allows the use of a wide range of shape morphing polymers as
shear thinning behaviour is observed in polymer, hydrogel, and soft matter inks [397, 398].
Limitations of printed components include limited mechanical properties, and may need to be
post processed [399]. Developing of multi-material inks can extend the capabilities of DIW by
presenting improved physical and chemical properties for single- or multi-functional structure
designs [400-404]. Printed components using DIW allows a range of polymers, solvents, and
fillers can allow high polymer and filler content in the inks, thus, improving their properties
and functionalities [405-408]. These advantages highlight the promising potential of DIW

strategy and the use of printable inks for 4D printing of shape morphing polymers.

2.2.13 Conclusion

Enormous progress has been made in terms of the performance and functionality of SMPs since
they were first introduced in the 1960s. Commercial and advanced applications have led to
rapid improvements in our understanding of shape-memory behaviour. This section discusses
state-of-the-art developments in shape-morphing polymers. First, the concept of smart
materials is introduced and defined. Different classifications of shape morphing polymers are

presented and discussed in detail. The concept of 4D printing, the combined use of smart
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materials and additive manufacturing, is also introduced. This is a rapidly growing field.
However, the response of the most commonly used smart materials to external stimuli is highly
dependent on the printing technique and printing strategies (e.g., lay-down pattern, layer
thickness) and the combination of multiple materials can have a significant impact on such
response. Few systems were reported to be sensitive to a range of different stimuli and this
represents an important topic of research. The development of standards is another important
challenge. The development of correlations between processing conditions, morphological
behaviour and short-, medium- and long-term behaviour of printed parts is fundamental. This
will allow to better tune the performance of the parts. In the case of composite/multi-material
printing it will be important to have a better understanding on the interaction between materials
during the printing and post-printing stages.

The development of mathematical models to predict and design the behaviour of responsive
shape morphing polymers is also critical. Moreover, additive manufacturing systems must
include extra elements (e.g., sensors, machine learning controls, etc.) to address 4D printing
technological challenges such as triggering or activation mechanism and structural stability
[409-411]. Finally, it will be important to further investigate direct and indirect activation
methods for shape morphing polymers, as well as improving shape morphing capabilities to
achieve more cycles before degradation, higher forces, and speeds during shape transformation,

and improve shape fixity are also critical [412-414].

Section 2.1 investigated thoroughly the use of non-enzymatic sensors for glucose detection
which is a very important part of the proposed biosensor. Non-enzymatic sensors present with
a very high electrocatalytic activity, and high sensitivity to the electrooxidation of glucose,
while not using any biological sensing molecules hence having long shelf life. This makes non-
enzymatic glucose sensor the perfect candidate for infield usage. Section 2.2 studies and
introduces smart) shape morphing) materials which are materials that can respond to a change
in environment by changing shape. To replicate the structure and function of stomata the use
of smart material with a response to light and temperature is the most suitable. Finally, based
on the extensive investigation could not find any publication (application) use of these
materials in non-enzymatic biosensors. The combination of non-enzymatic glucose sensing and
smart material achieves the required yellow rust germination cues (i.e., replicating the plant
morphology and stomatal behaviour, detecting produced glucose from the invertase enzyme

secreted by the spores).
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Chapter 3: 4D printing of a bioinspired leaf

sensor surface
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A plant leaf is a highly hierarchical and complex structure essential for plants to perform
photosynthesis and to develop. It is also through the leaf and through their stomata, openings
used by the plant for gas exchange, that pathogenic fungus after germination penetrate the leaf
and infect the plant. It is challenging to germinate yellow rust on artificial surfaces as it
requires specific germination ques. These ques require the surface to have the same
morphology as the target crop (wheat), suitable volatiles, as well as a non-enzymatic layer
which can detect glucose however needs to be stable in field environment. The following
research questions are addressed in this chapter. What is the required surface morphology?
How to obtain a biomimetic replica of the target crop? What volatile would enhance
germination? How is glucose detected? This Chapter presents the preliminary results on the
study of topological cues to promote fungal growth on the surface of a biosensor and describes
the multi-material and multi-functional biosensor, with biological detecting elements,
mimicking the structure of a plant leaf in terms of structure and topography being able to detect
the presence of specific pathogens (e.g., yellow rust, brown rust).

3. 4D printing of bioinspired leaf sensor surface*

3.1 Introduction

Rusts are the most relevant fungal diseases affecting wheat. Among the three rusts types (leaf,
strips and stem) the leaf rust is the most common type [1, 2]. The pathogen growing temperature
is between 7 and 22 °C and, being particularly active in the fertile crescent of the Middle East.
This type of rust has a significant spread capacity, traveling long distances, being able create
new resistant races and to rapidly develop under optimal climate conditions. Climate changes
are also significantly contributing to its wide distribution across the planet. Strip rust, also
known as yellow rust, is particularly damaged when the upper leaves of the plant become highly
rusted before flowering, causing early loss of leaves, reducing grain size, which results in
smaller kernels [3, 7, 8]. The wheat rust cycle is briefly summarised in Figure 3.1.

Strip rust is caused by Puccinia striiformis an heteroecious fungus that requires a host (usually
common wheat, Triticum aestivum) and an alternative host (thalctrum speciosissimun or
isoprysum fumaroides) to complete the cycle. Puccinia striiformis is characterised by highly
variable virulence but extremely difficult to detect on time to prevent its dissemination in the
field. The current strategy for wheat leaf rust management is the use of genetically resistant
varieties, but the main drawback of this approach is that the pathogen has high capacity to
mutate generating new strains that can break down this resistance rendering genetic resistance
less effective [7, 8].

* This section is based on the following publication: Mohamed Hassan, Abdalla Omar, Bruce Grieve, Paulo
Bartolo — “4D printing of bioinspired leaf sensor surface”, MACE PGR Conference 2020. Mohamed Hassan main
contributions: the design of the biosensor, design of the experimental work, conducted all the experimental and
validation tests, analysed the obtained data.
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Figure 3.1: Wheat rust cycle [421].

The development of a system able to early detect the presence Puccinia triticina is critical, but
not available, as it will allow the implementation of proper countermeasures to treat the
infection and to reduce the spread of the disease. Typically, leaf rust disease can be visually
detected only after 14 days of infection which is by then too late for the use of any fungicide
resulting in a significant loss of yield [3, 7, 8, 32, 33].

A three-layer biosensor is proposed in this Chapter and potential candidate materials for its
development discussed. The first layer mimics the wheat leaf morphology and the topological
cues required to promote fungal growth on the biosensor surface. The second layer is made up
of invertase and agar. The agar is used as the hydrogel media creating the solid-like part of the
feeding layer. The sucrose is the main substrate and is broken down by the invertase produced
by the yellow rust (Figure 3.2), thus enabling its detection. The third and final layer is a
Pt/NiI/MWCNT based non-enzymatic glucose sensor fabricated to detect the glucose produced

by the yellow rust fungi.
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Figure 3.2: Schematic for the reaction between invertase and sucrose.

3.2 Materials

Different natural and synthetic materials (agar, polycaprolactone and mylar) were used to
investigate the yellow rust germination, allowing to study materials with different surface
stiffness and wettability. Despite the lack of published information on the yellow rust
germination cues, it can be assumed that surface patterning, wettability and volatiles have a
major role. Agar 4450 (Sigma-Aldrich, UK) is a natural polymer commonly used for growing
different bacteria and microbes. Polycaprolactone (PCL) (CAPA, UK), is a synthetic
biodegradable polymer commonly used for tissue engineering applications. It presents high
surface stiffness, it is a hydrophobic material, and can be easily printed. Mylar (RS
components, UK), a polyethylene terephthalate (PET) based material was used due its easy
patterning.

Moreover, polyethylene terephthalate glycol (PETG) (RS components, UK), a glycol modified
polyethylene (PET), was also considered as a potential alternative material due to its shape
changing behaviour. The ability of PETG to sustain the yellow rust germination is
demonstrated in Chapters 7 and 9. Polydimethylsiloxane (PDMS) (Sigma-Aldrich, UK) was
used to create the negative moulds used to pattern the different materials, sucrose (Sigma
Aldrich, UK) was used as a substrate for the feeding media, and N, N-dimethylformamide
(DMF) (Sigma Aldrich, UK) was used to drop cast glucose sensing particles on the screen
printed electrodes (SPE).

3.3 Leaf Morphology

The wheat leaf surface morphology was characterised using the TESCAN VEGA3 FESEM

(Tescan, Czech Republic), scanning electron microscope (SEM). The leaf was not coated, and
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it was imaged at its hydrated state. The imaging was conducted at 20KV acceleration voltage

and 50Pa chamber pressure.
3.4 Surface Patterning

The biosensor surface was initially designed by imprinting the leaf shape using PDMS, creating
a negative mould used to pattern PCL, Mylar, and Agar. The leaf was washed using deionised
water to remove any surface contamination, dried and secured on a flat surface. PDMS was
prepared by mixing an elastomer (Poly (acrylamide-co-acrylic acid), and a curing agent (Poly
(glycidyl methacrylate acid)) at a 10:1 ratio. The mix was then poured on the leaf surface and

left to cure 48 to 72 hours at room temperature.
3.5 Middle Layer Fabrication

The middle layer of the biosensor consists of a mixture of sucrose and agar 4450 with a 50/50
ratio (Figure 3.3). The layer was designed to have dual functionality where the sucrose acts as
a substrate for the yellow rust invertase to break down, and the agar 4450 act as a topological

Cue.

Figure 3.3: Second layer consisting of 50/50 sucrose/agar mixture.

3.6 Inoculation

The growth capability of Puccinia triticina on the artificial surface was tested to identify the
most suitable material characteristics for the upper layer of the biosensor (see Chapter 1). The
fungal spores were seeded on the artificial surface (first layer of the sensor), below which we
have the volatiles (3-hexen-1-ol), 1ml of volatiles injected in the agar (second layer), acting as

growth cues. The spores were left for 24 hours under a sunlight lamp and 90-100% humidity,
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and then observed using a light microscope (Carl ZEISS Axio Imager, Zeiss, Jena, Germany).
ImageJ ((Laboratory for Optical and Computational Instrumentation, University of Wisconsin,

WI, USA) was used to count the germinated spores on the produced surfaces.
3.7 Shape Recovery

A PETG porous membrane was printed using an extrusion-based additive manufacturing (3D
Discovery, RegenHU, Switzerland), considering a printing temperature of 190°C, screw
rotational speed of 12mm/s and a travel speed of 20mm/s. Shape Recovery was evaluated by
heating the printed membrane above the glass transition temperature (Tg), applying a load to
deform the membrane, cooling down the membrane below Tg keeping its deformed shape,
removing the load, and finally reheating the membrane above Tg allowing the membrane to
regain its original shape. The time for recovery was recorded to investigate shape recovery.
Deforming the membrane and keeping its deformed shape is considered as the programming
stage, reheating the membrane to regain its original shape is considered as the recovery stage.
PETG glass transition temperature is 75 °C, and the programming and recovery stages were

carried out at 80 °C.

3.8 Results and Discussions

3.8.1 Leaf Morphology

Figure 3.4 shows a detailed SEM image of a hydrated wheat leaf, being possible to observe its
detailed structure including the stomata, grooves, and leaf hair. From this Figure it is possible
to observe that the stomata are randomly scattered on the surface of the leaf, surrounded by
two epidermal cells, and parallel to the leaf venation. The grooves on the leaf surface are
unidirectional, running parallel in the longitudinal direction across the leaf. Leaf hairs are also
randomly scattered across the leaf surface helping in entrapping contaminants and harmful

particles preventing them from damaging the leaf surface.
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Figure 3.4: SEM image of a hydrated wheat leaf.

3.8.2 Surface Patterning

The surface of the PDMS mould is shown in Figure 3.5. As observed, the PDMS mould was
able to capture the microstructure of the leaf morphology, but nanostructures (e.g., hair like
structures) were not able to be replicated properly due to the PDMS low mechanical properties.
This process of moulding allowed to produce an identical morphology on the PCL, mylar and
agar surfaces. The biosensor surface was designed using Solidworks (Dassault Systems, USA)
to produce the 3D model for the mould (Figure 3.6). The mould pattern was built based on the
SEM images (Figure 3.5). The ProJet 1200 (3D systems, USA) vat photopolymerisation system
was used to print the designed mould, using the Visijet FTX green resin. This additive

manufacturing system was used due to its high resolution (56um).

Figure 3.5: Leaf surface mould.
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Figure 3.6: Solidworks model for the leaf surface mould.

3.8.3 Sensing Layer Design

The third layer of the biosensor was redesigned to be a non-enzymatic electrochemical glucose
sensor instead of an optical sensor to gain more stability and longer working life. The sensing
layer consists of platinum, nickel/multiwalled carbon nanotube (Pt Ni/MWCNT)
nanocomposite drop casted on the surface of a screen-printed electrode (Figure 3.7). The
nanocomposite was prepared using the following procedure. First, equal amounts (0.25 mmol)
of Ni (CO2CHs)2 4H20 and PtCl2 were dissolved in ethanol. MWCNTSs were added to the
solution (2.5 mmol), and the mixture was continuously stirred to provide a homogeneous
solution. Then the resulting mixture was refluxed for 2 h at 90 °C. Finally, DMAB was added
to the resultant and refluxed for 1 h. The solution colour change from light brown to black
indicated that Pt-Ni/MWCNT nanocomposites were formed.

The produced nanocomposite was then dispersed in 10 mL of DMF in an ultrasonic bath. 20
ML of this solution was casted on the active area of the SPE (Figure 3.7). After the casting step,
the solvent was evaporated at 50 °C to prepare the Pt Ni/MWCNT modified electrode. The
produced sensor was tested to detect glucose with a concentration as low as 5mM. This
detection behaviour was investigated using cyclic voltammetry (CV) and the results shown in
Figure 3.8. The oxidation peak A (1.4V) is a common oxidation peak for Pt based glucose
sensors [415]. However, this voltage is very high for the intended application of the biosensor.

Therefore, further investigation is required to decide a more suitable material.
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Figure 3.7: SPE with drop casted Pt-Ni/MWCNT composite on the surface.
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Figure 3.8: CV graph showing the response of the drop casted sensor to glucose.

Inoculation

The fungal germination was evaluated by inoculating the printed surface using fungal spores.
After 24 hours the surface was observed using a light microscope to detect whether germination
occurred or not. Results presented in Figure 3.9 show that the agar substrate allowed for the
highest germination (96%), followed by the PCL (80%) and finally the mylar which was not
able to sustain any germination. Agar layer presents the best germination but, as it is a hydrogel,

it is not suitable for long shelf time, while PCL is able to sustain germination but presents low

permeability and consequently volatiles cannot pass through [416].
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Figure 3.9: Inoculation results (a) agar patterned surface with 96% germination, (b) PCL
patterned surface with 80% germination.

3.8.5 Shape Recovery

Shape recovery in response to heat is shown in Figure 3.10. The heat was selected as the main
stimuli in the field are heat and light. Results demonstrate the ability of PETG to sense
environmental temperature variations, altering its shape in response. Figure 3.10 (a) shows the
original printed PETG structure before any programming to recovery occurs, Figure 3.10 (b)
shows the deformed structured after the programming stage, and Figure 3.10 (c) shows the

recovered structure shape after the recovery stage. The structure recovered in 35.71 seconds.

78
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Figure 3.10: PETG membrane shape recovery process (a) original membrane shape, (b)
deformed membrane, (c) recovered membrane shape.

3.8.6 Conclusion and Future Perspective

This Chapter presents the preliminary results of a novel concept for a biosensor, for agriculture
applications, consisting of three layers. The PDMS casting strategy presented in this Chapter
allowed to create an exact replica of the wheat leaf surface and can be used to replicate any
plant surface. The proposed method does not require the use of heat hence minimising the
number of bubbles in the produced mould. Multiple materials were investigated for the upper
layer of the biosensor. Results show that the agar layer presents the best germination, but it
cannot be used as the biosensor material as it requires permanent hydration; PCL is also able
to sustain germination but presents low permeability and consequently volatiles cannot pass
through and mylar was not able to sustain any germination. Finally, the shape changing
capabilities of PETG, a potential alternative material for the upper layer, were demonstrated
and the results seem to indicate that this is a potential material to replicate the aperture and
closure mechanisms of stomata. This control would help in the release of VOC, which is a
crucial germination cue for the spores, that could help in increasing the efficiency of the
proposed sensor.

Based on the results from this Chapter the shape-memory behaviour of PETG is further
investigated in the next Chapter, while its biological characteristics and the ability to sustain

yellow rust are investigated in Chapters 4 and 5.
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Chapter 4: Chemical and compositional

analysis of PETG for 4D printing applications
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Based on the results from Chapter 3, that suggests the potential use of PETG as a shape
memory polymer (SMP), this Chapter fully investigates its stimuli-responsive characteristics
to temperature changes. A full characterization analysis is carried out, including tensile
mechanical analysis, chemical analysis and shape recovery. The shape recovery behaviour is
assessed using cyclic thermomechanical experiments where stress and temperature are
controlled during the programming and recovery processes. A stress strain graph is obtained

leading to the determination of the shape fixity ratio and shape recovery rate.

4. Chemical and compositional analysis of PETG for 4D printing applications*
4.1 Introduction

Smart materials also known as intelligent materials, are a special class of materials due to their
thermodynamic nature (see Section 2.2 for detailed information). They are active materials
producing a response when a stimulus is present (e.g. pressure, temperature, electric and
magnetic fields). Shape memory polymers represent a special sub-class of smart materials that
undergo shape changing due to the presence of a stimulus [417, 418]. The special property of
a shape memory material is its ability to memorise its original shape. Therefore, when
programmed, these materials deformed, and then they can regain to their original shape when
a suitable stimulus is present. The degree of smartness can be measured based on their
responsiveness to a stimulus and degree of shape recovery. As suggested in Chapter 3, PETG
is a thermo-responsive material able to change its shape at different temperatures. It can also
be deformed and return to its original shape by heating. Throughout this process an actuating
force is produced. Smart materials are the core of creating a smart and responsive structure and
based on the preliminary results presented in Chapter 3, it seems that PETG can be considered
a potential material for the fabrication of the upper layer of the proposed biosensor (see Chapter
1).

This Chapter investigates in more detail the shape changing characteristics of PETG samples
under different heating/cooling cycles, which allows to determine the number of
programming/recovering cycles. PETG samples were produced using filament-based extrusion
additive manufacturing. Pre-processed PETG was chemically characterised to understand its

chemical composition and the printed samples were mechanically and shape recovery

* This Chapter is based on the following publication: Hassan, M., Abdalla, O., Daskalakis, E, Liu, F., Bartolo,
P.,” Chemical and compositional analysis of PETG for 4D printing applications”, ICMMEN, MATEC Web of
Conferences 318, 01010, 2020. Mohamed main contribution is material selection, material fabrication, experiment
design, experimental and validation tests, analysed the obtained data.
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investigated. Matrix assisted laser desorption-ionisation time of flight mass spectroscopy
(Maldi-ToF-Ms) was used to investigate the chemical characteristics and key components of
PETG. Tensile tests were performed to determine the tensile modulus and tensile strength of

the material.

4.2 Materials and methods
421 Materials

PETG was purchased from RS components (Northants, UK) in a filament form (diameter of
1.75 mm). Its printing temperature ranges between 195 and 220°C and its molecular weight is
300 g/mol. The materials used in the Maldi-TOF MS sample preparation were chloroform
(HPLC grade), phenol, and 2, 5 Dihydroxybenzoic acid (DHB), all purchased from Sigma
Aldrich (Dorset, UK).

4.2.2 Fabrication

PETG dog bone structures were produced using a filament-based extrusion 3D printer
(Flashforge Creator pro, China) (Figure 4.1). The structures were designed according to the
ASTM D638-14 standard, which is a specific standard to determine the tensile properties of
plastics. Dog bone structures were designed based on Type | specimen dimensions (Figure 4.2),

and printed layer by layer with 100% infill. The printing parameters are presented in Table 4.1.

Figure 4.1: The 3D printing system.
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Table 4.1: Fabrication parameters

Parameters Values

Layer thickness (mm) 0.15
Nozzle diameter (mm) 0.40 £+ 0.05
Nozzle Temperature (°C) 230
Bed temperature (°C) 60
Printing speed (mm/s) 60

Fan cooling Yes
Retraction length (mm) 3.0
Retraction speed (mm/s) 25

Figure 4.2: Dimensions of the dog bone structures. All dimensions in mm.

4.2.3 Maldi-ToF-MS

MALDI-TOF MS is based on the use of short, high intensity laser pulses to produce gas ions
from a matrix. Investigated samples are composed of the analyte (PETG) and solvent
(chloroform and phenol) and the matrix formed by small organic compounds (DHB). The
matrix, which must experience a strong absorption of the laser wavelength, should present high
electronic absorption for the used laser wavelength, stable under vacuum, low vapour pressure,
good solubility in solvents that dissolve the analyte, and good miscibility with the analyte in a
solid state. Commonly used matrices for synthetic polymers are DHB, dithranol (1,8,9-
trinydroxyanthracene), IAA  (3-B-indoleacrylc  acid), and HABA (2, (-4-
hydroxyphenylazo)benzoicacid).

Briefly, PETG samples were dissolved in phenol/chloroform, 1/1 (v/v). DHB was used as the
matrix. Dried droplet samples were prepared by putting 1uL of polymer in phenol/chloroform,
1/1 (v/v), and 1L of a mixture of 1ml of DHB in phenol/chloroform, 1/1 (v/v), as a matrix on
the target plate. To determine the chemical composition of PETG, the mass spectrometer Plus
MALDI-TOF/TOFMS analyser (Axima Confidence, Shimadzu Biotech, Japan) equipped with
a nitrogen laser emitting at 337.1 nm was used to achieve data acquisition in positive ion mode.
Data acquisition and processing were carried out using the Kratos analyser software (Kratos,

United Kingdom). The acceleration voltage was 20KV and the extraction delay time was 15000
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in reflector MS mode. All mass spectra were collected by averaging the signal of 1620 laser
shots [419, 420].

4.2.4 Mechanical Tensile Test

The mechanical properties of PETG were evaluated using the uniaxial tensile tests. The tests
were carried out using an SAUTER TVL [Manual Crank Handle Test Stand] (Sauter GmbH,
UK). The machine is fitted with a 500N load cell and two AC 01R fine point clamps that are
fitted to the platform and the loadcell. Tests were repeated 5 times and conducted in a dry state
to ~2% strain which is the yield point. The acquired data is presented in the form of a table

alongside the respective average values.

4.25 Shape Recovery

The shape recovery of PETG was evaluated by printing a structure and heating the structure
above the glass transition temperature (Tg), applying a force to deform it, cooling down the
structure below Tg to keep its temporary shape, removing the force, and finally heating up the
structure over Tg allowing it to regain its permanent shape [421]. This procedure was repeated
using 5 and 10 cycles to investigate the effect of the number of cycles on the shape recovery
process. The steps followed to deform the structure and keeping its temporary shape are
considered the programming step and the following step of reheating the structure to regain its
permanent shape is considered as the recovery step. The PETG has a glass transition
temperature of 75 °C.

Firstly, the force was applied to the structure while the temperature was held at 80°C. Secondly,
the structure was cooled down below the Tg. Thirdly, the applied force was removed after

cooling. Finally, the structure was reheated to 80 °C under no force.

4.3 Results
4.3.1 Chemical Analysis

The spectrum obtained from the MALDI-TOF MS is presented in Figure 4.3 showing a broad
peak in the high mass range for polymers, thus structural information cannot be obtained. The
repeating units is the only possible method to identify different polymers in MALDI MS
analysis [422]. Therefore, oligomers with low mass, are excited in the sample and had the same
repeated unit as high mass segments, are studied to identify the structural information such as
possible end groups and repeated units [419, 420].
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Figure 4.3: PETG MALDI-TOF MS spectrum.

PETG is composed of terephthalic acid (TPA), ethylene glycol (EG) and
cyclohexanedimethanol (CHDM) as shown in Table 4.2. To identify the presence of these
components, two lines were considered in Figure 4.3, a black line (TPA + EG) and a blue line
(TPA + CHDM). Briefly, based on the molecular weight values of the key components of
PETG shown in Table 4.2, the sum of the molecular weights of TPA and EG, and TPA and
CHDM were calculated. Then, from the results presented in Figure 4.3, the value of a peak was
subtracted from the subsequent peak. Once the value reaches the one corresponding to either
TPA+EG or TPA+CHDM these peaks indicate the presence of these components. This
procedure confirmed the presence of the key chemical constituents of PETG. However, the
results of MALDI contain some peaks which do not correspond to the molecular weights of
TPA, EG or CHDM. These peaks can be attributed to fragment ions.
Table 4.2: PETG Chemical components

Compound Molecular Formula Molecular weight
Terephthalic acid (TPA) CgH6O4 166.13
Ethylene Glycol (EG) (CH20Hy) 62.07
Cyclohexanedimethanol (CHDM) CsH160- 144.21
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4.3.2 Mechanical Tensile Test

The obtained mechanical tensile test results are presented in Table 4.3. Polyethylene
terephthalate (PET) is the most used plastic material, but due to its high melting point it is not
suitable for extrusion-based additive manufacturing. A common approach to address this issue
is to reduce its crystallinity by adding CHDM. These results show that PETG presented reduced
mechanical properties when compared to PET. As observed, PETG tensile stress is 23.5%
lower than PET (54 MPa) and the young’s modulus is 25.1% lower than PETG (2950 MPa)
[423] . However, as the biosensor is a non-load bearing device the mechanical properties are
still totally acceptable.
Table 4.3: Mechanical properties of PETG

Test Force (N) Displacement (mm) Stress (MPa) Strain Modulus (MPa)

Test 1 399.7 1.53 49.941 0.024 1749.408
Test 2 404.3 1.56 42.423 0.024 1726.871
Test 3 397.5 1.58 41.710 0.024 1676.335
Test 4 404.9 1.46 42.486 0.022 1847.888
Test5 400.1 1.49 41.983 0.023 1789.217
Average 401.3 1.52 42.109 0.024 1756.202

4.3.3 Shape Recovery Results

The results of the shape recovery of the samples in response to heat are shown in Figure 4.4.
The permanent printed structure (Figure 4.4 a) was bent to a temporary shape for 1 recovery
cycle (55 s) (Figure 4.4 b), for 5 recovery cycles (Figure 4.4 c¢), and 10 recovery cycles (Figure
4.4 d). Experimental results showed that the shape recovery performance deteriorated over
time, but the shape fixity did not change. After 1 cycle the sample fully recover its original

shape, while after 5 cycles the recovery was 80% and after 10 cycles was 60%.
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Figure 4.4: Shaper recovery for PETG using different recovery cycles, (a) Original (non-
deformed) shape, (b) recovered structure after 1 cycle, (c) recovered structure after 5 cycle,
(d) recovered structure after 10 cycle.

4.4 Conclusion

The results presented in this Chapter show that PETG is a relevant material for smart
applications, exhibiting promising shape recovery properties. The chemical analysis
demonstrated that the considered material, used as purchased, is a modified PET (PETG), with
reduced mechanical properties than PET but that did not compromise its use for the proposed
biosensor. The potential of PETG to sustain the adhesion a proliferation of biological elements
is investigated in Chapter 5, which investigates the biocompatibility of PETG considering
human cells assuming that the obtained results can be translated to spores, which was validated
in Chapter 7. Wheat field temperature usually ranges from 7 to 20 °C in Europe and from 20 to
40 °C in Africa which requires the PETG glass transition temperature to be lower than it
currently is (85 °C), hence requiring further modification to the material before being field
ready. The material has a reduced shape fixity and recovery after 10 cycles and is completely
lost after 20 cycles. Further investigation and work need to be carried out to improve the

number of shapes changing cycles.
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Chapter 5: The potential of Polyethylene
Terephthalate Glycol (PETG) as biomaterial

for tissue engineering
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In the previous Chapter, polyethylene terephthalate glycol (PETG) was investigated as a
potential shape changing material. This behaviour is highly important to create a layer of the
biosensor mimicking the opening and closing mechanism of stomata. Due to the lockdown of
the University facilities, it was not possible to immediately investigate the ability of PETG to
sustain inoculation and germination. However, the potential use of PETG for tissue
engineering and the potential of PETG scaffolds to support human cells attachment and
proliferation was investigated and our assumption is that similar results will be achieved with
the yellow rust. Therefore, this Chapter investigates the use of PETG to produce bone scaffolds
using a filament-based additive manufacturing. Scaffolds were produced considering different
pore sizes. Matrix assisted laser desorption-ionisation time of flight mass spectroscopy (Maldi-
ToF-Ms) was used to chemically characterise the PETG material, confirming the presence of
terephthalic acid (TPA), ethylene glycol (EG) and cyclohexanedimethanol (CHDM) in the
polymer structure. Compressive tests were performed to investigate the effect of pore size on
both compressive modulus and compressive strength and values were compared to PCL
scaffolds used as a reference. Scaffolds were seeded with human adipose derived stem cells
(hADSCs) and the cell metabolic activity determined using the Alamar Blue assy. PCL

scaffolds were also considered as a reference.

5. The potential of Polyethylene Terephthalate Glycol (PETG) as biomaterial for tissue

engineering*
5.1 Introduction

Tissue engineering is an interdisciplinary field that applies the concepts of engineering and life
sciences for the development of biological substitutes that maintain, restore or improve tissue
or organ functions, and comprises two main strategies: scaffold-based and cell-laden
approaches [424-429]. The scaffold-based approach, the most common strategy for bone tissue
engineering applications, is based on the use of three-dimensional (3D) biocompatible and
biodegradable porous structures that provide the substrate and the biomechanical environment
for cells to attach, differentiate and proliferate [101, 430-434]. Bone scaffolds must be

produced using non-toxic materials (the materials must also degrade into non-toxic products),

* This Chapter is based on the following publication: Mohamed Hassan, Abdalla Omar, Evangelos Daskalakis,
Yanhao Hou, Boyang Huang, llya Strashnov, Bruce Grieve, Paulo Bartolo — “The potential of polyethylene
terephthalate glycol as biomaterial for bone tissue engineering”, Polymer, 12, 12, 2020. Mohamed Hassan
contribution: conceptualisation, methodology, formal analysis, material preparation, scaffold fabrication,
characterisation, and validation.
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the degradation rate of the scaffold must be adjustable in order to match the rate of tissue
regeneration, must present appropriate porosity, pore interconnectivity and pore structure
(large number of pores may be able to enhance vascularization, while small pore sizes are
preferable to provide large surface per volume ratio), should encourage the formation of the
extra cellular matrix (ECM) by promoting cellular functions, should present sufficient strength
and stiffness to withstand stresses in the host tissue environment and present adequate surface
finish, guaranteeing that a good biomechanical coupling is achieved between the scaffold and
the tissue [435-439].

Cell seeding on printed scaffolds depends on fast attachment of cell to scaffolds, high cell
survival and uniform cell distribution, and these are strongly dependent on the scaffold
material, architecture, surface stiffness and surface energy [425, 440].

A variety of biodegradable materials have been used to produce the scaffolds, including a wide
range of organic, inorganic, and composite materials [437, 441-443]. Among these materials,
polycaprolactone (PCL), an aliphatic polyester, was extensively used by our group for bone
tissue engineering applications. PCL scaffolds with different porosities and pore sizes were
successfully used to support the attachment and proliferation of osteoblasts and mesenchymal
stem cells and osteogenic differentiation [444-447]. In vivo studies, using PCL scaffolds to
treat critical size calvaria defects in rats, also showed the ability to support new tissue formation
[448]. However, PCL presents limited bioactivity, long degradation times and low mechanical
properties not suitable for load-bearing applications [431]. In order to improve the bioactivity
nature of the scaffolds, new surface modification strategies such as selective plasma
modification, acetone vapor annealing surface treatment and dopamine grafting, and silica
nanoparticles coating, were explored [444]. Bioactivity was also improved by mixing PCL with
ceramic materials such as hydroxyapatite (HA) and tricalcium phosphate (TCP), which also
allowed to increase mechanical properties and to accelerate the degradation process.
PCL/HA/multi-wall carbon nanotubes, mimicking the structure of bone, were successfully
produced using extrusion-based additive manufacturing [449]. Carbon nanomaterials such as
graphene and carbon nanotubes were also used to improve mechanical properties and to allow
the fabrication of electro-active scaffolds. In vivo studies showed that these scaffolds together
with electrical stimulation significantly accelerate the formation of new bone and the
production of more organized new bone [443]. However, in all these cases, as PCL is the main
material, the overall biological and mechanical properties of the scaffolds were constrained by
the individual PCL properties. Therefore, the rationale of this research is to identify a

biocompatible and biodegradable synthetic polymer that can be used as an alternative to PCL,
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allowing to produce scaffolds with significantly better mechanical and biological properties.
Polyethylene Terephthalate (PET) has been used in the medical field, for example for prosthetic
vascular grafts, due to its good mechanical properties and biocompatibility [450]. Moreover,
PET is also biodegradable, making it an interesting material for tissue engineering, but due to
its high crystallinity, it presents significant printability limitations [451]. One route to
overcome this printability limitation is through a glycol modification process, which allows to
reduce the crystallinity level by disrupting the order of the polymer chain without
compromising the biological characteristics of the initial polymer [446]. This strategy allows
to obtain Polyethylene Terephthalate Glycol (PETG), investigated for the first time in this
paper, as a potential material for tissue engineering applications. Thus, this research work
addresses the following research questions: (1) is it possible to create PETG scaffolds, with
significantly improved mechanical properties compared to PCL scaffolds, presenting
compressive modulus in the range of trabecular bone (2) Is it possible to create PETG scaffolds
with superior biological performance compared to PCL scaffolds without any surface

modification.

5.2 Materials and Methods

5.2.1 Materials

PETG, with a printing temperature between 195 and 220°C, was purchased from RS
components (Northants, UK). PCL pellets (Mw 50,000 Da, CAPA 6500) were supplied by
Perstorp Caprolactones (Malmo, Sweden). Matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS) matrix was prepared using 2,5 Dihydroxybenzoic
acid (DHB), Phenol and Chloroform (HPLC (High Performance Liquid Chromatography)
grade), which were purchased from Sigma Aldrich (Dorset, UK). Biological analysis was
conducted using Human adipose-derived stem cells (hADSCs), MesenPRO RSTM basal
media, 2% (v/v) growth supplement, 1% (v/v) glutamine and 1% (v/v) penicillin/streptomycin,
purchased from STEMPRO Invitroge, Thermo Fisher (Glasgow, UK) 2.2. Chemicals Analysis
(MALDI-TOF MS). PET is a common polymer used in many applications due to its high
melting point, but it presents low printability. To overcome these problems, manufacturers such
as RS components modified PET by adding Cyclohexanedimethanol (CHDM), producing
PETG. MALDI-TOF MS was used to confirm the CHDM presence. This technique is based
on the use of short, high-intensity laser pulses to form gas ions. In this case, the analyte

molecules are not exposed to the laser but are added to a matrix of small organic molecules.
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The matrix shows strong absorption of the laser wavelength, improving efficiency and energy
transfer [452]. Therefore, the matrix must have high electronic absorption for the used
wavelength, stable under vacuum, low vapor pressure, good solubility in solvents that dissolve
the analyte and good miscibility with the analyte in solid state. The PETG sample was dissolved
in phenol/chloroform 1/1 (v/v). 2,5 Dihydroxybenzoic acid (DHB) was used as a matrix. A
dried droplet sample was prepared by putting 1 puL of a mixture of 1 mL of 2,5 DHB in
Phenol/chloroform, 1/1 (v/v), as a matrix and 1 pL of polymer in phenol/chloroform, 1/1 (v/v),
on the target plate [452, 453]. To assess the chemical composition of PETG, the mass
spectrometer Plus MALDI-TOF/TOFMS analyser Axima Confidence (Shimadzu Biotech,
Kiyamachi-Nijo, Japan) equipped with a Nitrogen laser emitting at 337.1 nm was used to
achieve data acquisition in positive ion mode. Data acquisition and processing were conducted
using the Kratos analyser software (Kratos, Manchester, UK). The acceleration voltage was set
to 20 KV and the extraction delay time used was 15,000 in reflector MS mode. All mass spectra

were collected by averaging the signal of 1620 laser shots.
5.2.2 Scaffolds Fabrication

PETG and PCL scaffolds were produced using a filament-based additive manufacturing system
(Flashforge Creator pro, Jinhua, China), considering a 0/90- lay-down pattern. PCL scaffolds
were designed considering a pore size of 300 um, and PETG scaffolds were designed
considering three different pore sizes (PETG-300: 300 pm of pore size; PETG-350: 350 um of
pore size; PETG-450: 450 um of pore size). Each scaffold was printed considering a total of
12 layers. The printing conditions are listed in Table 5.1.

Table 5.1: Scaffold printing parameters

Parameters Values
Layer Thickness (mm) 0.33
Filament diameter (mm) 0.35
Nozzle Temperature (°C) 230
Bed temperature (°C) 60
Printing speed (mm/s) 20

5.2.3 Morphological Analysis

The scaffolds’ morphology was characterised using the Scanning Electron Microscopy (SEM)
FEI ESEM Quanta 200 system (FEI Company, Hillsboro, USA). The EMITECH K550X
sputter coater (Quorum Technologies, Lewes, UK) was used for gold-coating the scaffolds

prior to imaging. Imaging was conducted using 15 KV acceleration voltage. The obtained
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images were analysed using the ImageJ software (Laboratory for Optical and Computational
Instrumentation, University of Wisconsin, WI, USA), allowing to determine pore size, filament
diameter and layer thickness. For each scaffold type, a total of nine measurements were

considered.
5.2.4 Mechanical Compression Test

Uniaxial compression tests were performed using an INSTRON X testing system (High
Wycombe, UK) equipped with a 100 N load cell according to the ASTM D695-1. The scaffold
samples were cut into 3 x 3 mm2 blocks. Samples (n = 6) were tested in a dry state at the
displacement rate of 0.5 mm/min until the strain reached 0.3 mm/mm. The obtained strain-
stress data were further processed and plotted using the software Origin (Origin Lab,
Northampton, MA, USA).

5.2.5 Biological Analysis

5.2.5.1 Cell Culture

Human adipose-derived stem cells (hRADSCs) were used to investigate the cytotoxicity of the
scaffolds. MesenPRO RSTM, Thermo Fisher (Glasgow, UK),1 basal media, 2% (v/v) growth
supplement, 1% (v/v) glutamine and 1% (v/v) penicillin/streptomycin were used for cell
culture. hADSCs (passage = 5) were cultured in an incubator (37 °C, 5% CO2 and 95%
humidity) until an appropriate cell density (90%) was achieved before cell seeding. Scaffolds
were sterilized in an 80% Ethanol solution for 4 h, followed by washing with Phosphate
Buffered Saline (PBS) solution twice. The scaffolds were left to dry overnight in a sterile
lamina flow cabinet. The sterilized scaffolds were transferred into 24-well plates and kept
inside the incubator before the cell seeding. An 89 uL cell suspension containing 50,000 cells
was added into each scaffold at day 0. The samples were then transferred to the incubator for
2 h, allowing hADSCs to attach to the scaffolds followed by adding 900 pL of cell culture
media to cover the scaffold. The scaffolds were transferred into new 24-well plates on the

following day and the cell culture media was replaced.
5.2.5.2 Alamar Blue Assay

Cell metabolic activity was investigated using the Alamar Blue assay, Sigma Aldrich (Dorset,
UK), which can be used as an indicator of cell proliferation as it quantifies the metabolic

activity of cells. Tests were performed at days 1, 7 and 14 after cell seeding. At each time point,
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90 pL of Alamar Blue solution was added to each scaffold and the scaffolds were incubated
for 4 h. Then, 200 pL solution from each sample was transferred into a 96-well plate and
assessed using a microplate reader at 530 nm excitation and 590 nm emission. After the
measurements, the scaffolds were washed three times with sterilized PBS to remove the
residual Alamar Blue solution and new media was added. Cell culture media was changed

every two days.
5.2.5.3 Statistically analysis

Statistical analysis was performed using one-way analysis of variance (ANOV A) with Tukey’s
test. Differences were considered statistically significant at * p < 0.05, ** p < 0.01, *** p <
0.001 and **** p < 0.0001. GraphPad Prism software (GraphPad Software Inc., San Diego,
CA, USA) was used in this research.

5.3 Results and Discussion

5.3.1 Chemical Analysis

The MALDI-TOF MS spectrum presented in Figure 5.1 shows a wide peak in the high mass
range, and consequently, cannot provide structural information. Therefore, to identify the
polymeric material under analysis, the repeating units is the only possible method [454, 455].
In this case, the oligomers with low mass are considered to obtain the relevant structural
information, such as repeated units and possible end groups [452, 453]. In Figure 5.1, two lines
were drawn to highlight the terephthalic acid (TPA) + ethylene glycol (EG) (black line), and
TPA + CHDM (blue line). Besides the TPA + EG and TPA + CHDM peaks, the MALDI
spectrum contains other peaks that correspond to fragment ions. The main constituent
compounds and corresponding molecular weight values before the condensation reaction are
presented in Table 5.2 [456].
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Figure 5.1: The Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI: -TOF MS) TOF MS) spectrum of Polyethylene terephthalate glycol modified
(PETG). Its characteristic repeated units are highlighted: 192.8 g/mol for the Terephthalic
acid + Ethylene Glycol (TPA + EG) unit and 274.3 g/mol for Terephthalic acid +
Cyclohexanedimethanol (TPA + CHDM).

Table 5.2: Chemical constituents for PETG

Parameters Molecular Formula Molecular weight
Terephthalic acid (TPA) CsHgO4 166.13
Ethylene Glycol (EG) (CH20Hy) 62.07
Cyclohexanedimethanol (CHDM) CsH160; 144.21

It is also important to notice that the addition of CHDM to PET disturbs the structure of the
polymer, thus reducing the crystallinity, melting temperature and mechanical properties,

therefore increasing printability [457].
5.3.2 Scaffold Morphology

Figure 5.2 show the SEM micrographs of the printed scaffolds. As observed, scaffolds present
well-defined geometries with regular distributed squared pores. The cross-section images
(Figures 5.2b and d) show a uniform distribution of adjacent layers. Moreover, the presence of
micro-pores on the surface of the PCL filaments can be observed from Figures 5.2 a and c,
which can be attributed to the material rheological characteristics and to the presence of brittle
crystalline zones on the filament surface that collapse during the printing process [431]. This
can also explain the better surface quality of PETG scaffolds as it is known that PETG is less

crystalline than PCL [457]. However, further studies must be conducted to confirm this.
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Contrary to PETG scaffolds, which present pore size (350 um) and filament diameter (370 um)
values like the designed ones, a deviation was observed for PCL scaffolds (filament diameter
of 340 + 20, and pore size of 360 £ 10).

Figure 5.2: (a) Top view of a polycaprolactone (PCL) scaffold, (b) cross-section view of a
PCL scaffold, (c) top view of a Polyethylene terephthalate glycol modified (PETG) scaffold,
(d) cross-section view of a polyethylene terephthalate glycol modified (PETG) scaffold. All

scaffolds were designed considering a pore size.

5.3.3 Mechanical Compression Test

Mechanical compression test results are presented in Figures 5.3-5.5. Figure 5.3 presents the
stress versus strain curves for all considered scaffolds, showing that, even for large pore sizes,
PETG scaffolds exhibit higher mechanical properties. These curves were also used to calculate
both compressive modulus and compressive strength. From Figures 5.4 and 5.5, it is possible
to observe that compared to PCL scaffolds, PETG scaffolds with the same pore size (350 pm)
exhibit significantly higher compressive modulus and compressive strength, indicating that,
from a mechanical perspective, and considering the same scaffold architecture, PETG scaffolds
are more suitable for bone tissue engineering than PCL scaffolds. For PETG scaffolds, the
results also show that by increasing the pore size from 300 to 450 um, the compressive modulus
of the PETG scaffolds decreases from 213 + 12.2 to 141 + 8.20 MPa. Results also show that
by increasing the pore size, compressive strength decreases from 5.44 + 0.19 to 3.55 + 0.17
MPa. The average compressive modulus and strengths are presented in Table 5.3. Results also
show that the PETG-300 and PETG-350 scaffolds have the same order of magnitude of
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mechanical properties as human trabecular bone (compressive modulus mean value of 194

MPa [458-461].
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001 compared with control (PCL), ## p < 0.01 and ### p < 0.001

compared with different pore size. The *** Statistical evidence (p < 0.001) is the one-way
analysis of the mechanical compression test with the use of GraphPad Prism software, and it
is used to show the difference be-tween the results. The * is small difference and while more
* are added the differences between the results are higher. * compared with PCL scaffolds, #

compared with different

pore size of PETG scaffolds. Trabecular bone Figure 4. Compression

modulus for the PCL scaffold and PETG scaffolds with different pore size. *** p < 0.001

compared with control (PCL).
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Table 5.3: Compressive Mechanical Properties

PCL PETG-300 PETG-350 PETG450
Modulus (MPa) 76.12 +£7.53 21314 +12.23 195.99 + 6.53 141.00 +8.20
Strength (MPa) 2.56+£0.26 544 +0.19 5.09+0.21 3.55+0.17

5.3.4 Biological test

Alamar Blue Assay was used to assess the metabolic activities of hADSCs seeded on PETG
and PCL scaffolds at days 1, 7 and 14 of cell culture (Figure 5.6). Results show that the
fluorescence intensities for all scaffolds increase by increasing the cell culture time, indicating
that all scaffolds are cytocompatible and able to support cell attachment and spreading. At day
1, the fluorescence intensity of the PCL scaffold is statistically higher than PETG scaffolds.
However, the fluorescence intensities of PETG-300 and PETG-350 scaffolds significantly
increase and are statistically higher than those of PCL scaffolds at day 7 of cell culture.
Moreover, the differences of the fluorescence intensities for all PETG scaffolds from day 1 to
day 7 of cell culture are significantly higher than those of PCL scaffolds, suggesting a rapid
colonization of hADSCs on PETG scaffolds. At day 14, all PETG scaffolds present statistically
higher fluorescence intensities than PCL scaffolds. Although the differences of the
fluorescence intensities from day 7 to day 14 decrease for all scaffolds, all PETG scaffolds

present higher values than PCL scaffolds. These results show that PETG scaffolds present
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better cell affinity than PCL scaffolds. In terms of pore size, PETG-350 scaffolds show overall
higher fluorescence intensities than other PETG scaffolds at days 1 and 7. However, PETG-
450 scaffolds exhibit a fast increase on the cellular metabolic activity from day 7 to day 14
compared to other scaffolds. This might be attributed to low cell seeding efficiency at day 0.
At day 14, both PETG-350 and PETG-450 scaffolds present similar fluorescence intensity
results. are metabolic activity from day 7 to day 14 compared to other scaffolds. This might be
attributed to low cell seeding efficiency at day 0. At day 14, both PETG-350 and PETG-450
scaffolds present similar fluorescence intensity results [462].
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Figure 5.6: Alamar Blue results for both PCL and PETG scaffolds at days 1, 7 and 14 post-
cell-seeding. * Statistical evidence (p < 0.05) analysed by one-way analysis of variance
(ANOVA) and Tukey’s post-test. The * Statistical evidence (p < 0.05), **, *** is the one-
way analysis of variance (one-way ANOVA) and Tukey’s post hoc test with the use of
GraphPad Prism software and it is used to show the difference be-tween the results. The * is
small difference and while more * are added the differences between the results are higher.

SEM images of cells attached and spreading on PETG-350 scaffolds are shown in Figure 5.7.
From this figure, it is possible to observe that cells are homogeneously distributed on the

filaments, establishing cell-cell networks and bridging adjacent layers.
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the PETG scaffold, (b) cross-section image of PETG scaffold, (c) magnified image showing
cells covering the PETG filament, (d) cells bridging adjacent lay.

5.4 Conclusion

Scaffolds for bone tissue engineering should present appropriate mechanical properties and
promote the right environment for cells to attach and proliferate. Among the different
biocompatible materials being investigated for bone applications, PCL is the most common
one. However, PCL scaffolds do not present suitable mechanical properties and these
properties significantly decrease by increasing porosity or pore size, important parameters to
allow vascularization, supplying oxygen and nutrients to cells inside the scaffold. This paper
investigated, for the first time, the potential use of PETG as an alternative material to PCL.
This material, obtained by adding CHDM to PET (as confirmed by MALDI analysis), was
successfully printed, and the produced scaffolds exhibited a well-defined geometry. Results
also showed that PETG scaffolds present higher compressive modulus and compressive
strength than PCL scaffolds, not only for the reference case (350 um of pore size) but also
when we considered PETG scaffolds with larger pore sizes (450 um). Moreover, PETG
scaffolds also showed better biological behaviour, as observed from the Alamar Blue assay. In
this case, it was also possible to observe high cellular activity in scaffolds presenting large pore
sizes. Considering both mechanical and biological performances, results seem to suggest that
the PETG scaffold with pore size of 350 um is, among the different scaffolds considered in

this study, the most appropriate one.
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The results shown in this Chapter demonstrated the ability of PETG to sustain cell growth.
PETG was identified as a new biomaterial. The bioactivity of the material was investigated
using human cells as they are the standard tests followed in research. The bioactivity could be
extrapolated and assumed towards plant cells as both cells essentially use a similar growth
behaviour. The PETG scaffolds were designed with a 0/90 pattern that emulates the parallel
venation on the surface of the wheat leaf. Based on these results it was decided to further
investigate PETG as a photo- and thermal-responsive material, which, as discussed in Chapter

1, represents another important requirement for the proposed biosensor.
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Chapter 6: Smart polyethylene terephthalate
glycol (PETG)
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In Chapter 4 it was discussed the potential of PETG to be used as a smart material considering
temperature as a stimulus. This Chapter investigates the incorporation of photochromic
molecules such as azobenzene. Therefore, PETG was mixed with azobenzene (chromophore)
to produce a photoactive material that can respond to UV light by changing shape and
regaining its original shape in the dark. The resultant material was designed with the intent of
producing bioinspired functional surfaces. PETG was also mixed with Polyvinyl chloride
(PVC) to fabricate a thermo-responsive material able to respond to temperature change by
changing shape. The produced material was designed with the intent of incorporating in
pathogen detection sensors, where the material simulates the morphology and functionality of
a leaf surface.

6. Smart polyethylene terephthalate glycol (PETG)*

6.1 Introduction

Smart polymers, are polymers that have the ability to respond to an external stimulus, such as
pH, electrical and magnetic fields, temperature, pressure and light (see Chapter 2, section 2.2)
by changing some of their properties [463]. Smart materials present sensing, actuation, self-
healing, self-cleaning, and shock absorber properties, making them a promising group of
materials for a wide range of applications including biotechnology, robotics, construction, and
aerospace [464-466].

Polyethylene terephthalate glycol (PETG) is a common 3D printing material, obtained from
polyethylene terephthalate by adding glycol [467]. The main reason behind the modification is
to reduce the material crystallinity allowing for better printability. Moreover, PETG also shows
a shape memory behaviour, where it can be programmed by heating above its glass transition
temperature, deformed into a new shape and then cooled down below glass transition
temperature. After this programming step, the deformed PETG can be heated above the glass
transition temperature regaining its original (undeformed) shape [456]. This was demonstrated
in Chapter 4 (see Figure 4.2). However, the PETG glass transition temperature is 75°C, which
is very high for the infield application of the biosensor. This is due to its crystalline structure,
as PETG has a 70/30 ratio of amorphous to crystalline phase [468, 469]. To address this issue
a proper strategy is to blend PETG with another polymeric material exhibiting lower
crystallinity. In this research this was achieved by blending polyvinyl chloride (10%

* This chapter is based on two following publications: Mohamed Hassan, Abdalla Omar, Evangelos Daskalakis,
Bruce Grieve, Paulo Bartolo “Photoactive PETG”, IUPESM conference, 2022, and , Mohamed Hassan, Abdalla
Omar, Evangelos Daskalakis, Bruce Grieve, Paulo Bartolo “Design of thermos-responsive PETG for 4D printing
of Biosensors” International Conference on 3D Printing, 2022. Mohamed Hassan contribution for this work is
conceptualisation, methodology, formal analysis, material preparation, scaffold fabrication, characterisation, and
validation.
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crystallinity) and PETG [470]. Polyvinyl chloride (PVC) is one of the most used thermoplastic
[471]. However, PVC thermal stability and processability is limited in comparison to other
common polymers such as polystyrene and polyethylene, but can be enhanced through the
incorporation of additives including heat stabilizers, plasticizers, and fillers [471].

Moreover, as PETG is aimed to be used as the top layer of an in-field biosensor, it was decided
to add a chromophore to change the PETG into a photoactive polymer, which corresponds to a
subclass of smart materials that respond to changes in light conditions by changing its shape
[472]. Typically, these materials are produced by incorporating photochromic molecules such
as azobenzene [473, 474]. Azobenzene, a diazene (HN=NH) derivative, where phenyl groups
replaces both hydrogens [473, 475], can exist in trans or cis forms. The trans > cis
transformation occurs upon irradiation with UV or visible light [473, 475-478], through
electrostatic stimulation [474] or by applying mechanical stresses [479]. The cis > tans
transformation occurs spontaneously in the dark due to the thermodynamic stability of the trans
isomer [473, 477, 478].

This Chapter describes the main steps to produce a photoactive PETG material using a solvent
mixing approach to mix PETG and azobenzene chromophores, as well as a thermoresponive
PETG/PVC mix with a lower activation temperature, Results shows that the new photoactive
material exhibit a change in shape under UV light and regain its original shape in the dark,
being a suitable material for the upper layer of the biomimetic sensor considered in this

research.
6.2 Material and Methods
6.2.1 Materials

PETG with molecular weight of 300 g/mol and printing temperature ranging between 195 °C
and 220°C was purchased from RS components (Northants, UK). Azobenzene,
dichloromethane (DCM), PVC powder (molecular weight 30,000 g/mol), sodium hydroxide,
tetrahydrofuran (THF), and Triton X 100 required for sample preparation were purchased from
Sigma Aldrich (Dorset, UK).

6.2.2 Material Fabrication

Briefly, 10 % wi/v of PETG was added to 5 ml DCM and mixed for 20 minutes until the PETG
is fully dissolved, producing a homogenous solution. 20% (w/w) triton X 100 to PETG was

added to the solution. Triton X100, a non-ionic surfactant, was used to decrease the viscosity
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of the solution by increasing the dispersion of the azobenzene and reducing the rigidity of the
matrix. This approach reduces the resistance to deformation when the material is photo-
chemically or photo-thermally activated, as the stiffness of the matrix dictates the speed of the
deformation and chain movement. The solution was mixed for 10 minutes at room temperature.
Different concentrations of azobenzene (10, 30 and 50 % (w/w)), were added to the solution
and mixed for 10 minutes. Then, the obtained solution was casted into a thin layer with a
thickness of 5mm and left to dry for 1 hour. The preparation process is presented in Figure 6.1
Moreover, the PETG solution was prepared by dissolving PETG in DCM 1:10 ratio (w/v). PVC
solution was prepared by dissolving PVC in THF considering a 1:10 ratio (w/v). Solutions with
a ratio of 50/50 and 60/40 (v/v) (PETG/PVC) were mixed using a magnetic stirrer for 1 hour,
and then poured in a glass dish and left to dry in a fume cupboard for 24 hours. The preparation

method is presented in Figure 6. 2.

PETG PETS » DCM Mixture Casted layer
_I_ 20 minutes | 10 minutes | 1 hour -~
| |
DCM Triton X 100 Azobenzene

Figure 6.1: Preparation process for the photoactive layer.

PETG
10 minutes PETG + DCM
+ Mixture
DCM -
Mix for 1 hour :
+ ¥
+ Dry for 24 hours
PVC .
10 minutes PVC + THF
+ Mixture
THF

Figure 6.2: Preparation process for the thermosresponsive PETG/PVC layer.

6.2.3 Morphology

The material morphology was assessed using the scanning electron microscope (SEM) Quanta
200 SEM (FEI company, Hillsboro, Oregon, USA). The samples were sputter coated using
gold/palladium (Au/Pd (80/20)) using the Quorum sputter coater (Quorum tech, UK). Imaging

was collected at a 15 KV acceleration voltage. SEM was used to assess the morphology of the
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PETG/PVC samples. However, it was not possible to use SEM to assess the morphology of the

PETG/azobenzene layers due to the destructive impact of the electron beam on the material.
6.2.4 Chemical Composition

The chemical composition of prepared samples was investigated using Raman spectroscopy
and Fourier-transform infrared spectroscopy (FTIR). Raman spectroscopy was carried out
using the Renishaw inVia confocal Raman microscope (Renishaw Plc, UK) using a laser
wavelength of 432 nm and 1200 g/mm grating in a regular mode and a magnification of x50
microscope. FTIR was carried out using the Varian 670-IR spectrometer (Agilent
Technologies, CA, USA). Each sample was scanned 20 times at the resolution of 1cm, over a
wavelength scanning ranging from 800 to 3100 cm™t. RAMAN and FTIR were used to assess
the chemical composition of the PETG/PVC samples. However, it was not possible to use both
RAMAN and FTIR to assess the morphology of the PETG/azobenzene layers due to the

destructive impact of the electron beam on the material.
6.2.5 Shape Recovery

The material shape recovery was assessed by heating the produced structure over the activation
temperature (Ta ~ 40°C), applying a force to create a new temporary shape, cooling down the
structure below Ta to keep its temporary shape, removing the force, and finally reheating the
structure again over Ta allowing it to regain its original shape. The shape recovery of the
produced PETG/azobenzene layer was tested under ultraviolet (UV) light at a wavelength of
350 nm using the Hamamatsu UV-LED light source (Hamamatsu, UK). The samples were
placed under the UV light at a 400 mm distance and checked for response (motion) every 10
minutes. The experiments were conducted for 30 minutes. The samples were imaged using a

Canon camera and compared for response.
6.3 Results and Discussion

6.3.1 Morphology

Due to the significant differences in the molecular weight between PETG (300 g/mol) and PVC
(30,000 g/mol), these polymers are considered as incompatible for mixing hence resulting in a
dual phase material. The dispersion morphology of the produced dual-phase material was

analysed using SEM. Figure 6.3, presents the dual-phase nature of the material. PETG granules
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are dispersed in the PVC gel hence explaining the soft morphology presented by the materials

as well as the lower activation temperature.

PETG
granules

PVC
gel

) A -
of PVC-PETG layer produced presenting the dual phase nature of
the material.

Figure 6.3: SEM image

6.3.2 Chemical Composition

Raman spectroscopy was used to qualitatively evaluate the difference between two samples
with different split of PETG and PVC. Figure 6.4 presents the Raman spectra for the different
samples. All the obtained spectra baseline was postprocessed through the subtraction of a
polynomial fit of the baseline from the raw spectra. This was conducted to remove any
variations due to noises.

Common PETG characteristic peaks were obtained at 800 cm™* (C-H ring out-of-plane bending
+ C=0 bending) [480], 840 cm™ (C-H ring out-of-plane-bending) [480] , 943 cm™* (C-H
stretching peak of the cyclohexene ring) [480]. 1038 cm (C-H ring in-plane bending) [480],
1119cmt (C-O stretching) [480], 1287 cm* (C-O stretching of ester group) [480], 1387 cm'!
(gauche CH2 wagging) [480], 1448 cm* (-CH2 bending peak of the PETG macromolecular
chain backbone) [480], 1600 cm™* (symmetric stretching of the 1,4 para di-substituted benzene
ring) [481], and 1725 cm™* (C=0 stretching of ester group) [480].

Common PVC peaks were identified at 633 and 696 cm-* (stretching vibrations of C-Cl bonds.)
[482], and 2915 cm™!( stretching vibrations of C-H bonds in the CHz structural fragment) [482].
The Raman spectroscopy graph confirms the presence of PETG and PVC in the produced
samples. The peak intensities for each sample are correlated to the difference in the percentages

of both materials used in each sample.
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Figure 6.4: Raman spectra (red) 60/40 split and (black) 50/50 split.

FTIR was used as a non-destructive analytical technique to qualitatively assess the difference
between samples with different PETG and PV C splits. Figure 6.5 presents the FTIR spectra for
the different materials. Common PETG peaks are observed at 732 cm™ (C-H out-of-plane
deformation of two carbonyl substituents on the aromatic ring), [483], 1243 cm™ (C(O)-O
stretching of ester groups) [483], 1432 cm™* (CH2 deformation band) [483], 1712 cm™ (C=0
ester groups) [483], 2854 cm and 2944 cm* (methyl groups) [483]. Common PVC peaks are
observed at 618 - 650 cm™* C—C1 gauche bond) [484], 921 - 1113 cm™ (C—C stretching bond
of the PVC backbone chain) [484], 1243 cm™ (bending bond of C—H near Cl) [484], 1414 cnmv
1 (C—H aliphatic bending bond) [484], 2914 cm™* (symmetrical stretching bond of C—H), [484]
and 2975 cm™ (asymmetric stretching bond of C—Hs) [484].The FTIR graph confirms the
presence of PETG and PVC in the produced samples. The peak intensities for each sample are

correlated to the difference in the percentages of both materials used in each sample.
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Figure 6.5: FTIR spectra (red) 60/40 split and (black) 50/50 split.

6.3.3 Shape Recovery

Figure 6.6 presents the activation results at different time points for samples containing
different levels of azobenzene. As observed, samples containing 30 wt% of azobenzene
(Figures 6.6 b, e, h, and k) show a faster and more significant response than the samples
containing 10 wt% of azobenzene (Figures 6.6 a, d, g, and j), and 50 wt% azobenzene the
slowest responsive samples (Figures 6.6 c, f, i, and I). As observed, there is a very clear
correlation between the azobenzene concentration and the activation time up to a specific
percentage (threshold value) then the response is reduced. This trend can be attributed to the
overall reduction of PETG content, which is much stiffer than azobenzene thus requiring less
energy to change shape. The surfactant Tritonx100 contains hydrophilic and hydrophobic
groups making it very efficient for the dispersion and wetting as an emulsifier. The benefit of
such approach counteracts the noticeable drying of polymer with increasing content of
azobenzene that limits the shape changing effect and recovery. At 50% the sample dries and
becomes stiffer due to the competitive interaction between the PETG and azobenzene, resulting
in the observed slower response.

The increase in azobenzene content increases the light absorption promoting shape changing.

However as light absorption follows the Beer-Lambert model, it decreases across the sample
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thickness [485]. High concentration of azobenzene will absorb most of the light at the top
surface of the material significantly blocking light penetration and making the process less
effective. Moreover, azobenzene is thermally reversible, which means that the photo generated
isomer can revert to its initial form. This is known as a reversible isomerisation process between
the trans and cis isomers, where the activation is a trans-to-cis reaction, and the reserve reaction
IS a cis-to-trans reaction happening in the dark [473, 486]. Figure 6.6 shows the overall process
of activation and shape change for the produced layer, which exhibits a curving shape change
motion due to the UV light irradiation.

The addition of solvents (DCM and THF) which plasticize the polymer matrix controls the
stiffness and the elasticity, and consequently the overall shape changing process [487]. The use
of surfactants enhances the ability of the macro-deformation of the photo-responsive PETG-
azobenzene. This is a result of the improved dispersion of the photoactive chromophore and
reducing the force required to deform the polymer chains of the matrix. Moreover, the high
thermal conductivity of polyethylene oxide (PEO), a Tritonx100 component, better distributes
the heat in the matrix, possibly activating the shape memory effect presented by the PETG
[488]. Relaxation is also improved due to the faster heat dissipation.

Figure 6.7 shows the shape change process of the PETG/PVC samples. As shown in Figure
6.7a the 50/50 split requires 80 s to completely recover its original shape while Figure 6.7 b
shows that the 60/40 split recovers its shape after 50 s. These differences can be attributed to
the morphological characteristics of the material, as the crystalline (decreases shape recovery)
and amorphous (increases shape recovery) phases determine the shape memory behaviour.
Therefore, the fast recovery of the 60/40 split can be attributed to a decrease in the overall

crystallinity due to the presence of PVC.
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Figure 6.6: Responses of the produced photoactive layers at different time points. 10 wt% of
azobenzene (a, d, g, j); 30 wt% of azobenzene (b, e, h, k); and 50 wt% of azobenzene (c, f, i,
.

——_
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Figure 6.7: Shape recovery of (a) 50/50 PETG/PVC split, and (b) 60/40 PETG/PVC split.
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6.4 Conclusion

This Chapter investigated the use of azobenzene, a photoactive chromophore, to prepare
photoactive PETG samples, and the ability to reduce the time response of PETG by mixing it
with PVC, which can be attributed to the decrease in the crystallinity. Composite materials,
containing different concentrations of azobenzene, were produced using a solvent casting
method. A tri-solvent system incorporating a plasticiser, used to increase the intrachain
spacing, and a surfactant, to prevent the azobenzene agglomeration, was used, and the mixture
was dried to produce the photoactive films. These films exhibit a reversible shape changing
behaviour as a response to UV light. The shape changing and recovery was tested, and the
results indicate curling and relaxation in the direction of the incident light. The photo-
responsive material is characterised by higher shape changing response in comparison to other
polymer matrix composites [489-491]. The tri-solvent system led to a more elastic polymer
matrix, resulting in less activation energy required to obtain the shape changing effect.
However, further work is required to optimise the azobenzene loading percentage in order to
obtain a more stable and faster response material. The curved motion of the layers can be used
to produce a layer mimicking the motion of the top and bottom surface of the leave with
opening and closing stomata. However, the resultant reduction of the activation temperature of
the composite effect on reversibility of the shape change requires further investigation.
Moreover, SEM images confirm that the material is a dual phase material, showing both PETG
and PVC phases, which can be attributed to the significant differences in their molecular
weights. The Raman and FTIR spectra also confirm the presence of both PETG and PVC in
the produced materials. Further investigation needs to be carried out on the produced material
considering different factors such as morphological changes with time, potential shape changes
upon other external stimuli (e.g. light, humidity) as well as degradability and biological
behaviour. Agricultural fields could have drastic changes in light, temperature, and humidity.
The photoactive PETG works under UV light however it needs 8 hours of darkness to recover
its original shape which is not ideal for field application. The PETG/PVC is thermoresponsive
at 40 °C which is suitable for warmer environments, however it requires further investigation

before being field ready.
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Chapter 7: Electrospinning polyethylene
terephthalate glycol (PETG) meshes
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In Chapter 5, it was demonstrated the suitability of PETG scaffolds for tissue engineering
applications. Results using hADSCs showed that PETG scaffolds do not present any
cytotoxicity effects being able to support cell attachment and proliferation. These results
suggest that PETG can be a good candidate to support the inoculation and germination of
yellow rust spores. This is confirmed in this Chapter. Moreover, it is also known that cell
attachment and cell spreading increase by increasing the surface area of the scaffolds. FDM
was investigated to produce PETG meshes however due to limitations in resolution and
accuracy, meshes produced did not achieve the required morphology. Electrospinning ability
to produce nano-fibres resulted in meshes with acceptable morphology. Therefore, it was
decided to investigate the use electrospinning to create PETG electrospinning meshes.
However, PETG is a difficult to spin material and no previous papers reported the correct
conditions to create PETG meshes. To address this issue, a preliminary study on the solubility
and electrospinnability of PETG using a range of solvent systems was conducted and a Teas
graph was established allowing to select the ideal solvent system. Based on these results
electrospun PETG fibres were produced using a highly volatile binary solvent system
consisting of dichloromethane (DCM) and Trifluoroacetic acid (TFA). Produced meshes were
extensively characterised and the results demonstrate for the first time the ability of PETG
electrospun meshes to support the inoculation and germination of yellow rust spores, thus
confirming that PETG is an ideal material to be used in the proposed biosensor (see Chapter
1).

7. Electrospinning polyethylene terephthalate glycol (PETG) meshes*
7.1 Introduction

Solution electrospinning is a simple electrostatic and versatile technique to produce micro to
nanoscale fibre meshes exhibiting large surface area to volume ratio [492-495]. In this process,
apolymeric solution is ejected from a needle tip, positioned at a specific height over a grounded
collector, by applying a high electrical field [496]. Typically, an electrospinning system
consists of a high voltage power supply, a capillary that includes the material container and a
spinneret, and a grounded metal collector. The process starts by applying an electrical field
between the needle tip and the metallic collector. A material droplet is formed at the end of the
needle tip because of surface tension and viscoelastic stresses [106]. When the electrostatic
forces overcome the surface tension of the material, the material droplet approaches a cone
shape (Taylor cone) and a charged jet is ejected [497]. Then, the jet follows a path that is
usually characterised by an initial stable region, where the fibre is parallel to the direction of

the jet and its diameter decreases monotonically by increasing the distance from the tip [106].

* This Chapter is based on the following publication: Mohamed Hassan, Abdalla Omar, Evangelos Daskalakis,
Bruce Grieve, Paulo Bartolo — “Electrospinning polyethylene terephthalate glycol (PETG) meshes”, Materials
Today, Submitted. Mohamed Hassan contribution: material preparation, solubility and electrospinnability tests,
mesh production, characterisation, and data analysis.
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Afterwards, the jet starts to coil and undergo bending instabilities that further reduces the fibre
diameter. Electrospinning has been used for a range of applications such as support structures
for cell attachment, proliferation, and differentiation [106, 445, 496, 498], wound dressings
[499, 500], and sensing membranes [501, 502]. In this Chapter, electrospinning is investigated
as a potential technology to produce the upper layer of the proposed biosensor. As
electrospinning allows to produce meshes with high surface area, this will increase the
capability to support pathogen inoculation and germination.

In previous Chapters, it was also shown that polyethylene terephthalate glycol (PETG) is an
ideal material for the fabrication of the upper layer due to its shape changing properties,
biodegradability, and the ability to support cell attachment and proliferation, suggesting a
similar behaviour regarding the yellow rust. However, PETG has low solubility in most
solvents, which are also usually highly volatile, making it difficult to electrospinning.

This paper investigates for the first-time the fabrication of electrospun PETG meshes. A
preliminary study on the solubility and electrospinnability of PETG using a range of solvent
systems was conducted and a Teas graph was established allowing to select the ideal solvent
system. Based on these preliminary results electrospun PETG fibres were produced and
extensively characterised. The results demonstrate for the first time, the ability of PETG
electrospun meshes to support the inoculation and germination of yellow rust spores, thus

confirming that PETG is an ideal material to be used in the proposed biosensor.

7.2 Materials and Methods
7.2.1 Materials

Polymeric electrospun meshes were produced using PETG purchased from RS components
(Northants, UK). Solutions were prepared using acetic acid (AA), acetone (ACE), ethanol
(ETH), dimethyl sulfoxide (DMSO), dimethylformamide (DMF), tetrahydrofuran (THF),
dichloromethane (DCM), and trifluoroacetic acid (TFA), all purchased from Sigma Aldrich
(Dorset, UK).

7.2.2 Mapping Spinnability of PETG on the Teas Graph

The solubility of PETG on the different solvents was investigated using the Teas graph that
allows to identify the solvents fractional cohesion parameters (hydrogen bonding, polar force,
and dispersion force) [503-506]. Solubility was assessed at 20% wi/v polymer concentration,
atmospheric pressure, and room temperature (20°C). Briefly, 2 g of PETG were added to 10 ml
of single solvents (AA, ACE, ETH, DMSO, DMF, THF, DCM, or TFA), and binary solvent
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systems DCM/DMF, DCM/AA, DCM/THF, DCM/TFA. The mixture was stirred with a
magnetic stirring bar at room temperature. The process was visually assessed after 1 h, 2 h, and
4 h. Then, solubilities were categorized as insoluble (no dissolution), partially soluble
(dissolution achieved but at lower rate or lower capacity), soluble (quick and complete
dissolution), based on the time to form a homogeneous solution. The binary solvent systems
were also identified and calculated using the lever rule assuming 1:1 ratio [507]. Finally, the
solubility results of the binary solvent systems were compared to the single solvent systems on

the Teas graph, and then the solubility region was constructed

7.2.3 Fabrication of PETG Meshes

Based on the solubility results (Section 7.2.2), PETG (20% (w/v)) was dissolved in different
splits of DCM/TFA (85/15, 70/30, 60/40 ,50/50, 40/60, 30/70, 15/85(v/v)), and electrospun
using a solution electrospinning (Spraybase, Ireland) (Figure 7.1). Meshes were produce at
room temperature with a voltage of 16 kV, feed flow rate of 4 mi/h, humidity of 45% (+5%),
and 150 mm distance between the needle tip and the collector, which was covered with
aluminium foil. Finally, the obtained meshes were dried in vacuum for 48 hours to ensure the
complete removal of solvents. These were considered the optimised parameters. VVoltage values
lower than 16 kV were not enabling the formation of a stable jet but only a dropping effect,
while values higher than 16 KV induces electrospraying. Moreover, flow rate values lower than
4 ml/h induces a fast evaporation of the solvent blocking the needle, while above 4ml/h a
dropping effect was observed.

needle

camera

electrospinning
- plate

Figure 7.1: Electrospinning setup.

7.2.4 Morphological Analysis
The Quanta 650 (FEI company, Hillsboro, Oregon, USA) scanning electron microscopy (SEM)
was used to characterise the mesh morphology. All meshes were sputter coated with
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gold/palladium (Au/Pd (80/20)) using the Quorum sputter coater (Quorum tech, UK) and
imaged at an acceleration voltage of 15 kV. The obtained images were analysed using the
ImageJ software (Laboratory for Optical and Computational Instrumentation, University of
Wisconsin, WI, USA), allowing to determine fibre diameter. For each mesh a total of 9

measurements were considered.

7.2.5 Chemical compositional characterisation

The chemical composition of produced meshes was analysed using Fourier-transform infrared
spectroscopy (FTIR), and Raman spectroscopy. FTIR tests were conducted using the Varian
670-IR spectrometer system (Agilent Technologies, CA, USA). Each sample was scanned 20
times at the resolution of 1cm, over a frequency scanning range from 800 to 3100 cm. Raman
spectroscopy tests were carried out on the Renishaw inVia confocal Raman microscope
(Renishaw Plc., Gloucestershire, U.K.) using a laser (432 nm) with a grating of 1200 g/mm in

a regular mode and considering a x50 magnification on the microscope.

7.2.6 Inoculation

The ability of the electrospun meshes to sustain pathogen attachment and germination was
assessed using the yellow rust spores’ inoculation process. The meshes were placed in a tray
in a stainless-steel pipe, simulating a wind tunnel. The spores were released in the pipe, landing
on the meshes at the bottom of the pipe. The meshes were kept in the pipe for 15 to 30 minutes
ensuring that all spores have settled on the surfaces. Then, the inoculated surfaces were imaged
under a light microscope to make sure spores were attached. Finally, the meshes were placed

in the Innova 44 incubator (Eppendorf, Hamburg, Germany) set at 7 °C for 24 hours.

7.3 Results and Discussion

7.3.1 Solubility and Electrospinnability

Solubility, which describes how easy is to dissolve the polymer in a solvent, and
electrospinnability, which describes the ability of a polymeric solution to be stretched under a
specific current, were investigated for different solvents and the results are presented in Figure
7.2. The lower right quadrant in Figure 7.2 presents the best solutions for the dissolution of
PETG in TFA or DCM. These solvents can produce nanofibers as single and binary solvent
systems. As DCM exhibits the highest solubility it was decided to investigate its use in
combination with other solvents (binary solvent systems) such as DCM/DMF, DCM/AA,
DCM/THF, DCM/TFA. Results showed that the DCM/TFA binary solvent system allowed the
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best spinnability. Therefore, different splits of DCM/TFA were investigated to produce the
meshes (see Sections 7.2.3 and 7.3.2).

However, there were some challenges regarding the reproducibility of the meshes and stability
of the Taylor cone due to the high evaporation rate of the solvents. Two parameters were
investigated to address this issue. Firstly, a high flow rate was used to stabilize the Taylor cone
and counteract the rapid evaporation rate of the binary solvent system. Secondly, based on a
preliminary investigation on the effect of the relative humidity (RH) on the spinnability, RH
was fixed around 45% (+5%) allowing the best spinnability condition as the evaporation rate

of the solvent would be limited.
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Figure 7.2: Solubility—spinnability map of PETG based on the Teas graph. The contoured
region presents the solvents that can dissolve PETG, forming a homogenous solution.

7.3.2 Meshes Morphology

Figure 7.3 presents SEM images of the produced meshes at x1000 magnification. As observed
from Figures 7.3 (a) to 7.3 (g), the fibre thickness and porosity decreases by increasing the
content of TFA (more viscous than DCM), while fibre roughness and bead content increases.
Moreover, as DCM is a stronger solvent (higher polar force) but presenting slower evaporation
rate, it contributes to the formation of fibres with higher diameter. Therefore, by controlling
the ratio between DCM and TFA it is possible to control the thickness of the fibres, roughness,

and porosity, thus allowing to create meshes with different fibre densities. In this study, the
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optimal mesh density is shown in Figure 7.3 (d) and corresponds to the 50/50 (v/v) DCM/TFA
system. This mesh exhibits optimal morphology by presenting thin fibres, lower porosities, and
absence of beads. Moreover, meshes produced from 85/15, 70/30, 60/40, 50/50 (v/v) solutions
were bead free, while meshes produced from 40/60, 30/70, 15/85(v/v) solutions present beads.
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Figure 7.3: SEM image of th electrospun PETG meshes using different solvent splits
(DCMI/TFA) (a) 85/15, (b) 70/30, (c) 60/40, (d) 50/50, (e) 40/60, (f) 30/70, (g) 15/85. x1000
magnification.

Table 7.1 presents the average fibre diameter per mesh, which decreases by decreasing the
DCM content. This can be attributed to the volatility of the solvents, as TFA is more volatile
than DCM, thus presenting a fast evaporation that leads to thinner fibres.
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Table 7.1: Average fibre diameter based on the solvent split

Solution (DCM/TFA) (v/v) Fibre Diameter (um)
85/15 1.108
70/30 0.800
60/40 0.677
50/50 0.559
40/60 0.428
30/70 0.289
15/85 0.243

7.3.3 Mesh Chemical Composition

The chemical composition of the electrospun PETG meshes was investigated using FTIR, a
non-destructive analytical technique that allows to qualitatively assess the crystallinity of the
electrospun meshes. Figure 7.4 shows the FTIR spectra for the different electrospun meshes.
Common PETG characteristic peaks were recorded at 965 cm™* (C—H stretching peak of
cyclohexene ring) [483], 1106 cm(in-plane vibrations of the CH bonds) [483], 1260 cm*
(ester groups) [483], 1717 cm™ (C=0 ester group) [483], 2861 and 2939 cm* (C-H symmetrical
and asymmetrical stretching vibration in the aliphatic polymeric chains) [483].

As the C-H stretching of cyclohexene ring increases it can be concluded that the CHDM
(amorphous material) content also increases, and crystallinity decreases (see Chapter 4).
Moreover, from the different solvent splits, it can be noted that the TFA dominant splits have
a slightly higher crystallinity compared to DCM dominant splits.

Raman spectroscopy was used as a non-destructive, robust, and rapid analytical technique to
qualitatively assess the chemical difference between different electrospun meshes. Results are
presented in Figure 7.5. All obtained spectra were treated with baseline correction by
subtracting a polynomial fit of the baseline from the raw spectra. This was done to remove the
tilted baseline variation occurring due to different noises.

Common PETG characteristic peaks were obtained at 793 cm™* (C-H ring out-of-plane bending
+ C=0 bending) [480], 900 cm™* (C-H ring out-of-plane-bending) [480], 1021 cm (C-H ring
in-plane bending) [480], 1116 cm™* (C-O stretching) [480], 1273 cm™ (C-O stretching of ester
group) [480], 1377 cm™* (gauche CH2 wagging) [480], 1502 cm™* (-CH2 bending peak of the
PETG macromolecular chain backbone) [480], 1613 cm™ (symmetric stretching of the 1,4 para
di-substituted benzene ring) [481], and 1727 cm™* (C=0 stretching of ester group) [480].

The crystallinity of PETG can be observed from the 1116 cm* (C-O stretching) as it is slightly
shifted to the right and exhibits shoulder at ~1190 cm-* [508]. In addition, the peak at 1727 cm-
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1 appears wider for lower crystalline materials. Both phenomena are observed in the DCM

dominated solvent splits, indicating lower in crystallinity [508].
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Figure 7.4: FTIR spectra of electrospun PETG meshes using different solvent splits
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Figure 7.5: Figure 4: RAMAN spectra of electrospun PETG meshes using different solvent
splits (DCM/TFA).
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7.3.4 Inoculation

Inoculation tests were conducted to investigate the ability of the different meshes to sustain
pathogen attachment and germination, and the results are presented in Figure 7.6. From Figure
7.6 (a) it possible to observe that, immediately after inoculation, the spore are dispersed on the
meshes. Figure 7.6 (b) shows the clusters growth of the fungal spores after 24 hours, while
Figures 7.6 (c) and 7.6 (d), presents a magnified image of the germinated germ tubes. These

results demonstrate that the produced meshes enable the growth of the fungal spores.

Figure 7.6: (a) SEM image of P. s. f. sp. tritici spores (X100) at 0 hours of inoculation, (b)
SEM image of P. s. f. sp. tritici spores (X200) after 24 hours, (¢) SEM image of the
germinated P. s. f. sp. tritici spores (X500), ), (d)) SEM image of the germinated P. s. f. sp.
tritici spores (X2000).

7.4 Conclusion

This Chapter investigates strategies to create PETG electrospinning meshes, a polymeric

material considered difficult to spin. According to our best knowledge this was the first attempt
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to create PETG meshes using solution electrospinning. Multiple single and binary-solvent
systems were used to investigate the solubility of PETG, and it was found that DCM/TFA
presented the best solubility-spinnability results among the different solvents. Optimal
processing conditions were determined, and final meshes were produced at flow rate of 4
mm/h, voltage of 16 kV, and humidity of 40-50 %. Meshes obtained under optimal processing
conditions were chemically characterised using both FTIR and Raman, and the results show
that meshes produced using DCM dominant splits have lower crystallinity, while meshes
produced using TFA dominated splits seem to exhibit higher crystallinity. This can be
attributed to the difference in volatility and evaporation rate of DCM and TFA.

Morphological characterization was performed using SEM and the results showed the presence
of beads in TFA dominant splits, whereas DCM dominant splits were bead-free. Moreover,
meshes produced using DCM/TFA (1:1) present the best trade-off between fibre thickness and
surface roughness. Moreover, inoculation on the optimal mesh was carried to investigate the
bioactivity, and the results demonstrated fungal germination and proliferation of the yellow
rust spores. Results presented in this Chapter suggest that the produced electrospun PETG
meshes have high potential to be use in sensing applications. However, it was decided to use
casted PETG as electrospun PETG did not offer the morphology required to optimise the spore

germination.
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Chapter 8: Multi-layer biosensor for pre-
symptomatic detection of Puccinia strifformis,

the causal agent of yellow rust
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As discussed in Chapter 1, yellow rust of wheat caused by Puccinia striiformis f. sp. tritici is a
devastating fungal infection responsible for significant wheat yield losses. The main challenge
with the detection of this disease is that it can only be visually detected on the leaf surface
between 7 and 10 days after infection, and by then counter measures such as fungicides are
generally less effective. Based on the results obtained from previous Chapters, this Chapter
discusses a novel compact electrochemical-based biosensor for the early detection of P.
striiformis, enabling fast countermeasures to be taken. This is a major innovation as the
proposed biosensor allows the detection of yellow rust spores in 72 hours. The biosensor
developed consists of 3 layers. The first layer should mimic the wheat leaf surface morphology.
Despite the successful results presented in Chapter 7, it is not possible to create a biomimetic
layer using electrospinning. However, the results presented in Chapter 7 demonstrated the
ability of PETG to sustain pathogen inoculation and germination. In this Chapter a casting
method is considered using a mould that replicates the leaf surface. The second layer consists
of a sucrose/agar mixture that acts as a substrate and contains a wheat-derived terpene volatile
organic compound that stimulates germination and growth of the spores of the yellow rust
pathogen P. s. f. sp. tritici. The third layer consists of a nonenzymatic glucose sensor that
produces a signal once invertase, produced by P. striiformis, encounters the second layer,
converting sucrose to glucose.

8. Multi-layer biosensor for pre-symptomatic detection of Puccinia strifformis, the
causal agent of yellow rust*

8.1 Introduction

To accommodate for the rapidly increasing global population, it is estimated that global food
production would need an increase of 70% to avoid a food crisis [509-513]. Wheat (Triticum
aestivum L.) is an important cereal crop and a staple source of food for approximately 40% of
the world’s population [514]. In 2021 the world production of wheat was 778.6 million metric
tons, with the European Union, China and India being the three largest producers [515]. Due
to the importance of this crop wheat yield losses present a major problem for global food
security [516, 517].

* This Chapter is based on the following publication: Mohamed Hassan, Abdalla Omar, Evangelos Daskalakis,
Abubaker Mohamed, Lesley Boyd, Christopher Blanford, Bruce Grieve, Paulo Bartolo — “Multi-layer biosensor
for pre-symptomatic detection of Puccinia strifformis, the causal agent of yellow rust”, Biosensors, 12, 829, 2022..
Mohamed Hassan contribution: material preparation, solubility and electrospinnability tests, mesh production,
characterisation, and data analysis.
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Wheat yellow rust fungi (P. s. f. sp. tritici) is a fungal, biotrophic pathogen that affects grain
quality, reducing protein content, as well as reducing yield [8, 518]. As an air-borne pathogen,
spores can be transported considerable distances via wind, and can also be carried on animals
and human clothing [1, 519]. Yellow rust is found predominantly in temperate and maritime
environments, and its optimal temperature for infection and growth ranges between 7 d 22°C
[4, 5].

Current strategies for yellow rust management are based on the use of genetically resistant
wheat varieties and fungicide applications as part of an Integrated Pest Management scheme
[26, 27]. However, this contributes to the presence of pesticide-resistant fungal strains [28, 29].
In addition, the timing of fungicide application is critical for treatments to be effective.

P. s. f. sp. tritici spore germination can be seen within three hours of being deposited on the
leaf surface (Figure 8.1). The spore absorbs the free moisture on the leaf surface, producing a
germ tube. The cytoplasm within the spore moves into the growing germ tube as it orientates
perpendicular to the epidermal cells of the leaf surface until it reaches a stoma [520-523].
Between 6-8 hours post inoculation the germ tube grows between the guard cells of a stomata
and by 8-12 hours a substomatal vesicle is formed inside the stomatal cavity. Primary infection
hyphae develop on the substomatal vesicle between 12-18 hours [523, 524]. A number of
studies have suggested that P. s. f. sp. tritici produces its own invertase, being required to aid
nutrition uptake of the pathogen, by converting sucrose to glucose and fructose [19, 20]. Yellow
rust leads to an increase in the reactive oxygen species in the infected plants, hence reducing

the plant’s overall photosynthetic efficiency leading to yield loss [21].

Cuticle

Upper
epidermis

Palisade
mesophyll

Figure 8.1: (a) Schematic representation of early infection structures of Puccinia striiformis.
The spore germ tube enters the leaf through the stomata forming a substomatal vesicle from
which infection-hyphae develop. Once the hyphae contact the mesophyll cell a haustoria is
formed inside the plant cell. (b) Transverse section of a plant leaf showing the different layers
of the leaf.
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Volatile organic compounds (VOC) are metabolites produced by plants that are released into
the air. Plants use volatiles to protect themselves from abiotic and biotic stresses, and supply
information (or disinformation) to mutualists (ex: pollen carriers) and competitors [34, 525].
VOC acts as information transferors, resolving many problems faced by the plant’s lack of
mobility. VOC blends are dominated by four biosynthetic classes, terpenoids, fatty acids,
amino acids, and compounds with aromatic rings (Fig. 8.2). Several lipophilic volatiles are
released from the membranes of the plant’s epidermal tissues. However, in leaves and stems
VOC are released through the stomata, and as a consequence the opening and closing of the

stomata influences the volatiles release [34, 525].
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Figure 8.2: Most plant volatiles are derived from four biosynthetic classes: aromatics, fatty
acid, terpenoids, and amino acids. Volatiles are produced from fatty acids via oxidative
cleavage. Several of these products are modified to be more lipophilic prior to release, through
masking or removing of hydrophilic functional groups through methylation, or reduction
reactions. Figure modified from [34].

A major challenge related to yellow rust is that disease symptoms can only be visually detected
7 to 10 days after infection. However, at this stage the use of preventative fungicides is
redundant, as the production of large numbers of spores being seen by 14 days already spread
the disease through the field. This raises the need for an early pathogen detection system that
would enable farmers to apply preventative fungicide treatments well in advance of infection
and disease establishment.

Hyperspectral imaging technologies are used for plant disease detection and recently have been
increasingly investigated for yellow rust detection [526-528]. Spectral sensors measure the
light reflected from the plant surface [529]. As the disease develops the light spectrum shifts

enabling disease detection [530-532]. These systems use machine learning and, to operate
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properly, require the crop to be monitored for a few seasons to collect enough data to enable
subsequent accurate detection, as well as detecting the symptomatic responses of plants. Thus,
immediate deployment and use is not possible. Moreover, these systems are prone to errors due
to different angles of sunlight reflected from the plant surface.

Biosensors are used for agricultural and environmental monitoring applications to detect
various pathogens and other environmental contaminants [533, 534]. Due to their relatively
high detection rate and short response time, the use of biosensors is increasing [535, 536].
However, the main challenges faced by current biosensors lie in the sensor performance,
sampling, scaling up and detection in open areas [533, 534]. Roy et al. [537] fabricated an array
of whole cell biosensors to detect aromatic pollutants such as benzene, phenols and toluene,
which are carcinogenic compounds found in polluted water sources. The sensor was able to
detect inert pollutants without any functional groups. However, this biosensor was
temperature-sensitive, which limited its operation in the field. Moreover, authors did not
provide any details regarding the detection time. Shi et al. [538] designed a colorimetric nano
biosensor to detect acetamiprid in soil. The sensor exhibited high stability, sensitivity, and
selectivity. However, it requires the soil samples to be air-dried, and ground to pass through a
1 mm sieve, then oven dried at 35°C for 48h. Then, dichloromethane (DCM) is added to the
sample and filtered, and finally mixed with the sensing solution [538].

Advances in the field of nanomaterials have produced promising nanoparticle-based
biosensors. Nanoparticles (e.g., noble and transition metal nanoparticles, CNTSs, graphene, and
nanostructured metal oxides) have been used for both enzymatic and non-enzymatic glucose
biosensors, aiming to amplify the electron transfer rate, improving the biosensor performance
in terms of selectivity and sensitivity [415, 539].

This Chapter presents an innovative, pre-symptomatic yellow rust detection system consisting
of a three-layered biosensor and representing the first biosensor for yellow rust detection. The
proposed biosensor is a low cost, and accessible detection in-field device for yellow rust. The
material and fabrication cost has been kept below £5 per unit. The production of the sensor is
a simple and direct method that used commonly found apparatus and has an average lead time
of 15 minutes. The operational rationale of the proposed modular sensor is shown in Figure
8.3. The target analyte (spores of P. s. f. sp. tritici) lands on the artificial surface of the sensor
(first layer). This layer mimics the wheat leaf morphology with parallel venation and artificial
stomatal openings. Following the spores landing, germination takes place. The spores produce
germ tubes that grow through the artificial stomatal opening towards the second layer, which

consists of a sucrose/agar mixture acting as a feeding media, and a plant VOC that acts as a
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growth enhancing stimulant [525]. Invertase is produced by the germinated spores breaking
down the sucrose into glucose. The third layer is a nonenzymatic glucose sensor that detects
the glucose [20], generating an electrochemical response which can be detected using cyclic

voltammetry (CV), thereby signalling the presence of the target pathogen.

Biosensor

Target Analyte

(Yellow Rust) First Layer Second Layer Third Layer Signal

Figure 8.3: Operational rationale of proposed yellow rust biosensor. The signal can be
obtained directly as a CV curve indicating the presence of glucose and therefore yellow rust.

8.2 Materials and Methods

8.2.1 Materials

Polyethylene terephthalate glycol (PETG) was purchased from RS components (Northants,
UK). MicruX single thick screen-printed electrodes (working electrode (WE): Carbon;
reference electrode (RE): Silver; counter electrode (CE): Carbon) were purchased from Alvatek
(Hampshire, UK). Gold (I11) chloride (AuClI3), nickel acetate tetrahydrate (Ni (OCOCH3)2 -
4H20), N, N-dimethylformamide (DMF), activated carbon (AC), dichloromethane (DCM),
ethanol, agar A4550, dimethylamine borane (DMAB), terpene and sucrose were purchased
from Merck (Dorset, UK).

8.2.2 Sensor Fabrication

The sensor biomimetic surface was fabricated through a casting process. A mould was
previously designed using Solidworks (Dassault systems, Massachusetts, USA) mimicking the
wheat leaf surface (Figure 8.4). Formlabs Form3 (Formlabs, Somerville, Massachusetts, USA)
was used to produce the mould with a resolution of 100 um (Table 8.1). After printing the
mould (Figure 8.5), a PETG solution was prepared by dissolving PETG in DCM 1:10 ratio
(w/v). The PETG solution (viscosity of 0.005 Pas) was then poured into the mould and left to

dry for two hours. The produced layer was then peeled off.
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Figure 8.4: 3D model of the designed biomimetic leaf surface

Table 8.1: Printing parameters

Parameter Value
Material Formlabs Clear resin
Exposure time 1.7s

Material Volume 3ml

Number of layers 782

Layer thickness 1.7 um

Figure 8.5:(a) Printed mould, (b) optical microscope image presenting the details of the
printed model

The second layer was fabricated by mixing Agar A4550 and sucrose with a 1:4 (w/w) ratio.
Briefly, 0.1g of agar and 0.4 g of sucrose were added to 20 ml of de-ionised water and stirred
until a homogenous solution was obtained. The solution was heated up to 100 °C using a hot
plate, cooled down to 35 °C allowing for gelation, and left to cool down to room temperature.
Finally, a terpene VOC was injected into the produced agar gel.

The third layer consists of an Au-Ni/AC modified screen-printed electrode. An equal amount
of Gold (111) chloride and Nickel (I1) acetate (0.25 mmol) was dissolved in 15 ml of ethanol,
followed by the addition of 2.5 mmol of activated Carbon. Activated carbon was used to

increase the surface area, amplifying the sensing response by providing a larger area for the
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interaction between the glucose and the nanoparticles. The solution was stirred until a
homogenous mixture was obtained and refluxed for two hours at 90 °C. Then, dimethylamine
borane (DMAB) was added (1 mg) and the mixture was refluxed again for an additional hour.
DMAB was used for the reflux, and this is used for activation of the Gold-Nickel-Activated
carbon nanocomposite. Finally, the obtained mixture was dried to obtain the sensing Gold-
Nickel-Activated carbon nanocomposite (Au-Ni/AC). The screen-printed electrode was
modified using drop casting. Briefly, 1:10 (w/v) of Au-Ni/AC was added to DMF. The solution
was sonicated for 30 minutes ensuring that the material was completely dispersed. Finally, 10
ul of the solution was drop casted on the SPE working electrode (WE) (Figure 8.6). The SPE

was left to dry for 24 hours in the fume cupboard.

WE — O

RE-—

o

Figure 8.6: Schematic of the Screen-Printed electrode. WE: working electrode, CE: counter
electrode, RE: reference electrode.

The casing of the sensor was designed considering a layering approach. The casing was
designed with an insert slot to accommodate the screen-printed electrode (SPE), the top of the
casing had an inclination to accommodate the agar/sucrose layer with a hole over the active
area of the SPE allowing for the produced glucose to directly flow on the active area. Finally,
the top of the casing was designed to be open to accommodate the casted top surface.

The sensor production can be scaled up by breaking down the production process. The casing
can be produced using injection moulding, the top casted layer can be produced using vacuum

forming, and the middle (feeding layer) can be produced using large scale polymerisation.

8.2.3 Inoculation

The bioactivity of the top layer was tested by inoculating P. s. f. sp. tritici spores onto the
surface. Briefly, the surface was placed in the middle of a stainless-steel pipe covered by an
aluminium sheet at the top and bottom (spore inoculation tower). A small hole at the side of

the steel pipe was used to blow the spores into the pipe, with the spores settling onto the
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biosensor surface by gravity. The surfaces were left in the steel pipe for 15 to 30 minutes to
ensure that all spores had settled to the bottom of the pipe. The inoculated surfaces were then
inspected under a light microscope to confirm that the spores had landed on the surface. The
inoculated biosensors were placed in an incubator at 7°C, in total darkness, for 24 hours.

8.2.4 Morphology

P.s. f. sp. tritici spore growth was investigated using optical microscopy (Keyence VHX-5000;
Keyence, Milton Keynes, UK). The images were obtained using top light at two magnifications
(x5 and x10). The light exposure was 100%.

The morphology of both first and third layers of the biosensor was characterised using the
scanning electron microscopy (SEM) Tescan Mira3 system (Tescan, Kohoutovice, Czech
Republic). The first layer was platinum coated prior to imaging using the 108-auto sputter
coater (Cressington scientific instruments, Watford, UK). Imaging was performed using 20 KV
acceleration voltage. Images were analysed using ImageJ (Laboratory for Optical and
Computational Instrumentation, University of Wisconsin, WI, USA), to determine the pore size
of the first layer and the gold-nickel dispersion on the surface of the third layer. The
morphology of the third layer was further studied using atomic force microscopy (AFM)
nanosurf FlexAFM system (Nanosurf AG, Liestal, Switzerland). The structure was assessed
using X-ray diffraction (XRD) carried out on the X’Pert Pro X’celerator (Malvern Panalytical,
Malvern, UK). Spectra were collected in the range of 28 between 20° and 100°.

8.2.5 Electrochemical measurements

The electrochemical behaviour of the sensor was assessed through cyclic voltammetry and
chronoamperometry using the PAUTOLABIII/FRA2 potentiostat (Metrohm Autolab,
Netherland). Measurements were conducted at room temperature using a lab-made
electrochemical cell. Cyclic voltammetry was performed using a potential ranging between -
1.0 V to 1.0 V with a scan rate of 100mVs™, to monitor the onset-potential of the prepared
sensors towards the glucose -catalytic oxidation from glucose to gluconolactone.
Chronoamperometry was performed using a potential of 0.66 V over 600 s.

Electrochemical Impedance Spectroscopy (EIS) was used to evaluate the performance of the
sensor using the HJAUTOLABIII/FRAZ2 potentiostat (Metronm Autolab, Netherland). This
technique applied an alternate current (AC) rather than a continuous one (DC). To obtain the
optimal frequency, a frequency range between 100 kHz and 0.1 Hz was used for impedance
spectroscopic measurements. The amplitude of oscillation (AC) was set to 10 mVRMS. The

optimal working potential was set to 0.66 V for measurements of glucose respectively.
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8.3 Results and Discussion

8.3.1 Morphological Characterisation

Read et al. [540] investigated the growth of Puccinia graminis f. sp. tritici (wheat stem rust)
and Puccinia hordei (barley brown rust) on artificial surfaces that mimic the leaf morphology
using polyesters. As P. striiformis is related to P.g. f. sp. tritici and P. hordei it was assumed
that P. striiformis would be able to grow on similar materials. Therefore, it was decided to use
a material with the same backbone, PETG, to fabricate the biosensor by 3D printing. PETG is
a bioactive and biocompatible material (see Chapters 5 and 7). The moulded PETG layer (first
layer of the biosensor) was designed to mimic the wheat leaf surface morphology, presenting
parallel grooves and stomatal holes (Figure 8.7a). The parallel grooves had a size of 200 pm
and the stomatal holes an average size of 50 um, with openings with an average size of 15 um.
The SEM images of the Au-Ni/AC modified screen-printed electrode identified two distinct
regions (Figure 8.7b). The upper region exhibited a cotton-like nanostructure, while the bottom
region showed a brain-like nano porous structure with small grains and channels. From the
SEM images it was also possible to observe the presence of gold and nickel (light white) and
activated carbon (black). Atomic force microscopy (AFM) results of the third layer (Figure
8.7¢) showed the presence of round cap columns composed of several grains ranging between
40 nm to 1 um. Channels with an average width of 5um were formed around the columns

allowing the glucose to pass through them.
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Figure 8.7: (a) SEM image of the casted biomimetic PETG layer. The created parallel
venation mimics the wheat leaf with a width of 200 um. The detailed, zoomed SEM image
shows a stomatal hole with a diameter of 50 um with an opening of 15 um, (b) SEM images
of the Au-Ni/AC modified screen-printed electrode, presenting two distinct regions. The
zoomed SEM image clarifies the two regions where the carbon bed presents a Nano-porous
structure allowing glucose to flow, and the top region, a cotton-like nanostructure consisting
of Au-Ni particles (¢) AFM image of the Au-Ni/AC modified screen-printed electrode
exhibiting cylindrical round cap columns with channels allowing glucose to pass through.

8.3.2 Electrochemical Behaviour of the Au-Ni/AC SPE
The electrochemical behaviour of the Au-Ni/AC SPE toward glucose oxidation was assessed
to evaluate its potential for glucose sensing. Figure 8.8 presents the CV curve of the Au-Ni/AC

SPE in the absence (blue) and presence (red) of 20mmol of glucose in 0.1 mol NaOH. The CV
curves obtained from the sensor exhibit four oxidation peaks at -0.27 V (peak A), 0.22 V (peak
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B), 0.53V (peak E), 0.66 V (peak D), and one reduction peak at -0.04V (peak C). Peaks A, B,
and C correspond to the typical two-step Au-glucose oxidation process, where peak C
represents the reduction step to regenerate the sensor active sites, despite the presence of Ni.
The electrocatalytic mechanism of Au-Ni/AC for glucose is a multistep process [541]. The
process is initiated when the glucose molecules are dehydrogenated and adsorbed onto the
surface of the Au-Ni/AC particles, followed by an increase in the metal-OHads that increases
the potential, hence mediating the catalytic oxidation of the intermediaries towards
gluconolactone.

Similar to glucose oxidation on pure gold surfaces [542, 543], the glucose oxidation on the
surface of Au-Ni/AC SPE mainly depends on the quantity of metal-OHags as well as on the
premonolayer oxidation of the metal producing metal-OHads. Peak A (Figure 8.8) can be linked
to the glucose dehydrogenation forming adsorbed intermediate products. The intermediates
accumulation, due to the limited number of metal-OHags Sites, is produced at a lower potential
(-0.27 V) blocking the Au-Ni/AC SPE surface active sites, hence decreasing the current. Peak
B at 0.22 V is attributed to the consecutive catalytic oxidation of the adsorbed intermediates
due to the increased metal-OHags Sites, while peak D corresponds to the formation of metal
oxides. In the negative potential scan, there is a current increase at 0.04 V due to the reduction
of surface metal oxides occurring at a more negative potential than 0.23 V, and the presence of
enough metal-OHags sites for the glucose catalytic oxidation. A similar behaviour was observed
by Gao’s group, using a different setup, where Au-Ni was used as a core and shell, showing an
increase in the anodic current at a potential of 0.26 V [544].

Peaks D and E are also associated with the conversion between Ni(ll) and Ni(lll), as they share
a CV behaviour similar to Ni-based electrodes [545]. The Ni reaction mechanism in the alkaline

medium for glucose oxidation can be explained as follows:

Ni + 20H - Ni (OH)2 + 2e (8.1)
Ni (OH)2 + OH- = NiO (OH) + H20 + e- (8.2)
NiO (OH) + glucose - glucolactone + Ni (OH): (8.3)

The sensor was then tested for glucose detection without a buffer to simplify it. As observed
from the CV profiles (Figure 8.9) it is possible to differentiate between the different
electrochemical responses of glucose and sucrose.

The amperometric response of the Au-Ni/AC SPE (Figure 8.10) was investigated at 0.66 V

which corresponds to the oxidation peak observed on the CV. The glucose was successively
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added into the 0.1 mM of NaOH at 24s intervals for 20 steps. The sensor presented an
extremely fast and stable response.

The Au-Ni/AC SPE was tested for its specific response by successive addition of glucose onto
the sensor dipped in NaOH. The chosen range was 1-10 mM, as the target concentration for
the detection of yellow rust is 5 mM based on the designed second layer. The calibration curve
(Figure 8.11) shows an exponential increase in the peak generated current with the addition of
glucose which agrees with the trends found in literature [546, 547].

As observed, there are two linear ranges between 1-8 mM and another between 8-10 mM.
Based on these ranges, two sensitivities were calculated using a linear fit, being 0.25 pA cm2
mM™? and 2.75 pA cm?® mM™, respectively. The limit of detection (LOD) was also
experimentally tested to find the lowest concentration the sensor can detect which was found
to be 0.05 uM. The performance of the biosensor is in line with other non-enzymatic
nanoparticle-based glucose biosensors in terms of sensitivity, linear ranges, and LOD.
Reported sensitivities are between 1x102 — 1.04 pA cm? mM1, linear ranges between 7x107 -
20, and LOD of 0.1-15 uM [167, 548, 549].

Electrochemical impedance spectroscopy was conducted to analyze the impedance changes on
the modified electrode surfaces. In EIS, an observing a straight line represents the diffusion
limited electrochemical process which is the hypothesis of this research [550]. Pletcher [551]
suggests that the electrocatalytic process implies a key role for adsorbed intermediates.
Suggesting the initial oxidation of glucose limited to the surface would result in bulk oxidation
as observed by the linear behaviour presented in Figure 8.12.

The stability of the Au-Ni/AC SPE was tested by cyclic voltammetry measurements before and
after fifty times of amperometric analysis as shown in Figure 8.13. The results reveal that after
a long period of electrolysis using the electrode the current kept almost 100% of its initial
amount, whilst the peak potential has slightly moved positively by 0.6 V. The reproducibility
and repeatability of the electrode were also determined by repeated testing for 1, 25, and 50
cycles in 5 mM Glucose in 0.1 M NaOH. These results imply that the proposed electrode has
reproducible current as it is not contaminated by oxidation products and the shift remained

constant between 1, 25, and 50 cycles.
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Figure 8.8: CV curve of the Au-Ni/AC modified screen-printed electrode using NaOH as a

buffer. The red curve corresponds to NaOH without glucose. The blue curve corresponds to

NaOH in the presence of glucose. From the blue curve it is possible to observe the oxidation

peaks at peak A (-0.27V), peak B (0.22V), peak E (0.53V), peak D (0.66V), and a reduction
peak at peak C (0.04V).
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Figure 8.9: CV curves without a buffer (NaOH). The blue curve represents the response to 5
mM glucose. The red curve represents the response to 5 mM sucrose.
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Figure 8.11: Calibration curve of the current versus different glucose concentrations (1 to
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Figure 8.12: Nyquist plots for Au-Ni/AC SPE in 0.1 M NaOH solution for 0—10 mM of
Glucose concentration range.
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Figure 8.13: CVs of Au-Ni/AC SPE after 1, 25 and 50 times of amperometric tests in 5 mM

Glucose in 0.1 M NaOH.

8.3.3 Nanoparticles characterisation

The XRD patterns of Au-Ni/AC nanoparticles are presented in Figure 8.14, showing
characteristic diffraction peaks at 20 = 38.6°, 43.7°, 50.8°, 64.9°, 74.4° 90.2° and 95.4°. As
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previously reported, the peaks confirm the presence of the elements Au and Ni: 38.7° Au (111),
43.7° Au(200)-Ni(111)/AC(100)(101), 50.8° Ni(200), 64.9° Au(220), 74.4° Au(311)-Ni(220),
90.2° Ni(311), and 95.4° Au(400)-Ni(222). Furthermore, the shift in peaks indicates that the
Au-Ni/AC alloy is present on the sensor surface [552, 553]. Furthermore, the average crystallite
diameter (d) values calculated using Scherrer’s equation (8.4) are ~ and ~41.8 nm for Au-
Ni/AC nanoparticles, using full width at half maximum (FWHM) of the most intense peak at
43.7°. B is the FWHM value (radians), ‘A’ is 1.5406 A, which is the CuKa wavelength, and 0 is
the Bragg diffraction [554, 555].

D = 0.9M(B cos 0) (8.4)
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Figure 8.14: Au-Ni/AC X-ray diffraction analysis. The peaks represent the different
materials present on the surface of the electrode. Au (111) at 38.60, Au (200)-Ni (111)/AC
(100)(101) at 43.70, Ni (200) at 50.8°, Au(311)-Ni (220) at 74.4°, Ni (311) at 90.2°, and Au

(400)-Ni (222) at 95.4°.

8.3.4 Sensor Selectivity

The sensor was designed to operate at a temperature ranging between 7 to 22 °C. A commercial
screen-printed electrode was used to enable the connection to any CV machine, allowing for
further integration in any system. Currently common wheat diseases include blotches, rusts and

head blight/scab [556]. Based on the genome analysis of all the agents causing these diseases
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it can be deduced that invertase production is a unique characteristic of P. s. f. sp. tritici spores
as shown in Table 8.2 [20]. Hence the sensor was designed to selectively detect yellow rust.

Table 8.2: List of common wheat diseases and their agents, indicating invertase production
based on their genomic make-up.

Disease (agent) Invertase production Reference
Black rust (Puccinia graminis) No [557]
Yellow rust (Puccinia striiformis) Yes [20]

Leaf rust (Puccinia triticina) No [558]
Septoria blotch (Zymoseptoria tritici) No [559]
Septoria nodorum blotch (Parastagonospora nodorum) No [560]

Tan spot (Pyrenophora tritici) No [561]
Head blight/scab (Fusarium graminearum) No [562]

8.3.5 Sensor Functionality

After printing the PETG sensor body, the agar/sucrose layer was placed inside the sensor body
and covered with the casted mimetic layer. The assembled sensor (Figure 8.15a) was inoculated
with spores of the yellow rust pathogen P. s. f. sp. tritici and placed in a temperature-controlled
incubator at 7 °C and humidity 60 %, in total darkness, for 24 hours [563]. P. s. f. sp. tritici
spore germination on the surface of the biosensor was assessed using light microscopy (Figures
8.15b and 8.15c). The sensor was connected to the CV system to test for the presence of
glucose, which was negative 24 hours after inoculation (Figure 8.15d). The sensor was placed
back in the incubator at a cycle of 16 °C/16 hours and 7 °C/8 hours and tested for the presence
of glucose again at 48 and 72 hours after inoculation. At 48 hours the response was negative,
but at 72 hours a positive glucose response was obtained as shown in Figure 8.15e. The
biosensor was tested three times, confirming the results. The growth of P. s. f. sp. tritici on the

surface of the biosensor was further investigated using SEM (Figure 8.15f).
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Figure 8.15: (a) Biosensor assembly, (b) top surface of biosensor inoculated with spores, ()
underneath surface of the top layer of the biosensor showing a germinated P. s. f. sp. tritici
spore, (d) CV curve obtained at 24 hours, () CV curve obtained after 72 hours, (f) SEM
image of P. s. f. sp. tritici spores and a germ tube growth on the surface of the biosensor.

8.4 Conclusion

A novel, multi-layer electrochemical biosensor was proposed for the detection of the fungal
pathogen that causes the plant disease yellow rust of wheat. The first layer mimics the wheat
leaf surface morphology and contains artificial stomata. The second layer consists of a
sucrose/VOC/agar mixture that acts as a substrate, while a wheat terpenoid VOC provides a
stimulus for P. s. f. sp. tritici germination and germ tube growth. The third layer is fabricated
by casting affordable nanomaterials; the formed structure on the surface presents an innovative
nonenzymatic sensor that detects glucose that is released from sucrose due to fungal invertase
activity.
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Inoculation of the biosensor with spores of P. s. f. sp. tritici resulted in a positive reaction 72
hours after spore inoculation. This biosensor would therefore enable pre-symptomatic yellow
rust detection using an electrochemical approach. This proof of concept provides a substantial
improvement to the current state-of-art biosensors, reducing the detection cost and time.
Therefore, this is a promising solution for food security, and can prevent substantial annual
crop yield losses due to P. s. f. sp. Tritici.

The proposed multilayer biosensor consists of three modular layers that can be easily changed
allowing the detection of different pathogens. The modularity can be achieved by changing the
morphology of the first layer to mimic the target crop, changing the feeding media (second
layer) tailored towards the target pathogen and the third layer to be changed to detect the target

analyte to signal the presence of the targeted pathogen.
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Chapter 9: Conclusion and future work
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The aim of this chapter is to provide an overview of the thesis. It starts with a summary and
conclusions that can be drawn from the conducted research work as well as key contributions
to the current state-of-the-art knowledge in the field of Electrochemical Agri-Biosensors.

Possible future directions for research following on from this thesis are also presented.

9.1 Conclusions

The agricultural sector is a major source of employment and income for the global population,
with an estimate of 2.5 billion people engaged in agricultural [564]. The development of
different agricultural techniques, including chemical herbicides and pesticides resulted in an
enhanced crop yields by controlling weeds and pests’ infestation. The toxic residues from
pesticides enters the food chain and water cycles, leading to several diseases among the
populations, and sometimes leading to death [565].

Detecting such chemicals at the appropriate levels is a challenge despite the use of various
laboratory techniques such as high-performance liquid chromatography (HPLC), gas
chromatography (GC), flow immunoanalysis, FTIR (Fourier-transform infrared spectroscopy)
and NMR (Nuclear magnetic resonance spectroscopy), which are highly sensitive, reliable and
efficient. However, they are time consuming, expensive, complex, and bulky requiring skilled
technicians [566].

Agri-biosensors are an emerging and novel trend used to detect specific plant disease, and
environmental contaminations which extends to agricultural products. Moreover, agri-
biosensors are a fundamental element of a novel strategy called as Agriculture 4.0, based on
the use of digital tools and technologies to increase farming efficiency, reducing food waste
and the effects of climate change.

Overtime, biosensors have evolved through different stages. Initially the sensing elements and
transducers were separated. Later, the two components were integrated and connected. Finally,
in modern biosensors the sensing elements are directly immobilised on the surface of the
electrode, which was further developed by replacing the biological sensing elements with non-
biological sensing elements (mainly nanoparticles).

The development process of biosensors includes the synthesis of the sensing materials,
selection of the sensing mechanism, signal processing unit and a sensing unit. Biosensors offer
a user-friendly technology, which can be easily adopted by the farming sector, opening the

door for the agricultural community to get into a smart and precision agriculture.

146



This research work significantly contributes to improve the current state-of-the-art by
proposing and validating a novel multi-material and multi-layer biomimetic biosensor to
allow the early detection of Puccinia striiformis.

From a material point of view, this was achieved by combining non-enzymatic glucose sensors
(Chapter 2, Section 2.1) and a range of materials, including shape changing polymers
(Chapter 2, Section 2.2). This was achieved by using biodegradable and biocompatible
synthetic polymers (mainly PETG) acting as a growing layer for the Puccinia striiformis, and
gold/nickel/activated carbon nanoparticles as the glucose sensing material detecting glucose
produced the Puccinia striiformis invertase enzymes.

From a technological point of view, this was achieved by using additive manufacturing (3D/4D
printing) (Chapter 2, Section 2.2). Key characteristics of plant biology (pathogen growth
route, plant volatiles and leaf morphology) relevant to this research were discussed in Chapter
1 (see Section 1.1), while key characteristics of nonenzymatic glucose biosensors and shape
morphing polymers are presented in Chapter 2 (Sections 2.1 and 2.2).

The biosensor’s literature review considered different classifications of biosensors. As
discussed in Section 2.1, the best classification criteria seem to be the transducers criteria, as
it provides a complete insight on the expected performance and results when using a specific
type of biosensors. The concept of non-enzymatic electrochemical biosensor was found to be
the most suitable to be used in this project due to its high accuracy and quick response when
compared to other types of biosensors. Moreover, it allows to create a relatively simple sensing
chemistry, reducing any complications that could occur due to the immobilisation techniques
that are used in other types of biosensors.

It was noticed that the spore only grows on surfaces with the same morphology as the leaf
which is characterised by its parallel venations and stomate. In Section 2.2, smart materials
were investigated as potential materials to reproduce the stomata behaviour in the biosensor.
They are a class of materials that rely on their thermodynamic behaviour, which enables the
material to respond to external stimuli. This response depends on the material, additives, and/or
molecular architecture. The materials response can be programmed by one or multiple cycles
of activation that tune the state/microstructure of the material. Based on the literature review,
the initial focus of the project was to use shape memory polymer (SMP), which corresponds to
a sub-class of smart materials that changes shape in response to a stimulus. The scope was later
extended to produce a shape changing polymer (SCP), which corresponds to a sub-class of
smart materials. SCPs deform when the appropriate stimulus is applied, returning to their

original shape either instantly or gradually when the stimulus is removed. In this research, the
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materials used were photoactive materials (see Section 2.2 and Chapter 6), which means the
main stimulus used for its control was light. The material was used to create the artificial top
surface of the biosensor to enable exact replication of the leaf surface functionality and not just

the structure.

The wheat leaf morphology was assessed and used to build a biomimetic replica to be used as
the morphology of the top layer of the proposed sensor. The most suitable mechanism to detect
Puccinia striiformis f. sp. Tritici was identified as the detection invertase enzyme, as its
production is a unique ability of the spores. The second layer, consisted of agar, sucrose and a-
pinene, provided the feeding media and growth cues for the spores to germinate and break
down to glucose. Finally, different glucose sensing mechanisms were investigated (see
Chapters 2,3, and 8), demonstrating the suitability of the use of Au-based non-enzymatic
glucose sensors due to their sturdiness, durability, and sensitivity. All these factors were
combined to assemble the proposed biosensor. The assembled biosensor functionality was
confirmed in laboratory environment, leading to the worlds’ first electrochemical biosensor for
the pre-symptomatic detection of Puccinia striiformis f. sp. tritici, the causal agent of yellow

rust.

Yellow rust (Puccinia striiformis) is a widespread pathogen that affects wheat in many
countries across the globe. The growth capability of Puccinia striiformis f. sp. tritici on an
artificial surface was tested to identify the most suitable material characteristics for the upper
layer of the biosensor (Chapters 1 and 3). Materials with different stiffness and hydrophobic
properties (agar, PCL and Mylar) were investigated. The fungal germination was evaluated by
inoculating the printed surface using fungal spores. After 24 hours, the surface was observed
using a light microscope to detect whether germination occurred or not. Results showed that
the agar substrate (less stiff and presenting high content of water) allowed for the highest
germination (96%), followed by PCL (80%) and finally Mylar without any observed
germination. A Pt-Ni/MWCNT composite was produced and drop casted on the surface of a
screen-printed electrode (SPE) aimed to detect the glucose produced due to the fungal invertase
breaking down the sucrose. The SPE was tested for several cycles to identify its sensitivity,
detection limit as well as its stability. As suggested by Read et al. [540], spores grew on
substrate with a polyester backbone, hence it was decided to investigate PETG as a possible
shape changing material, to be used as the top layer of the biosensor. PETG chemical
composition, mechanical properties, and shape recovery were investigated in Chapter 4.

PETG, showed promising results as a shape memory material. The bioactivity and
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biocompatibility of PETG scaffolds were assessed and discussed in Chapter 5, which
investigates the cell metabolic activity using the Alamar Blue assay, and the results compared
to commonly used PCL scaffolds. These results provided a good indication to proceed with
testing PETG as a germination media for the fungal spores (Chapter 7). PETG was
incorporated with azobenzene, a photochrompohore, to produce a photoactive material. The
resultant material responds to UV light by changing shape and regaining its original shape in
the dark. The photoactive PETG took 30 minutes to change shape but took eight hours to
recover its original shape, making it unsuitable for field usage and requiring further
development and optimisation. PETG was also mixed with Polyvinyl Chloride (PVC) to
fabricate a thermo-responsive material able to respond to temperature changes by changing
shape. The new thermo-responsive material responded to change in temperature at 40 °C, which
is not low enough for field implementation, making it unsuitable for field usage and requiring
further development and optimisation (Chapter 6). Therefore, it was decided to use virgin
PETG as the main material for the top layer of the proposed biosensor.

Gold (Au) is a thoroughly investigated electrode material, characterised by providing a high
glucose oxidation current in both neutral and alkaline environments. The main advantage of
using Au-based electrodes for glucose sensing is the higher current response when compared
to Pt-based electrodes, allowing for higher sensitivity and the ability to detect glucose in a
neutral pH. Therefore, Au-Ni/AC was then used to replace Pt-Ni/MWCNT due to its stability
and better detection response to glucose (Chapter 8).

All three layers of the sensor were assembled forming one detection unit as discussed in
Chapter 8. The assembly was tested using invertase directly on the surface of the sensor,
waiting for it to go through the top layer, reaching the sucrose layer, breaking it down into
glucose, flowing to the working area of the SPE, inducing a current signalling the presence of
the enzyme which in the field would mean the presence of the fungal spore. The sensor
functionality for sensing yellow rust presence was tested in the laboratory. Yellow rust spores
were inoculated on the surface of the sensor, and then the sensor was placed in an incubator
simulating the infield germination conditions. The sensor was connected to a cyclic
voltammetry (CV) machine at 24 hours intervals to test for the presence of glucose. After 72
hours, the sensor showed a positive result on the CV machine showing the detection of glucose
hence signalling the presence of germinated yellow rust spores on the surface of the sensor.
Based on these results the sensor showed the ability of detection in 72 hours which is less than
the current visual detection time of 7 to 10 days. This would allow for earlier counter measures

to be used hence less crop loss and more yield.
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In summary, the key contributions to the current state-of-art emerging from this dissertation

are:

e Defined and coined a novel non-enzymatic glucose sensor as the fourth generation of
glucose sensors (objective 1)

e Leaf morphology is usually investigated in a dry state under SEM. In this research a
hydrated leaf was scanned and used as a reference for the CAD design used to replicate
the morphology using 3D printing. PDMS moulds and 3D scanners where also used to
confirm the obtained layer similarity to the SEM image obtained. This represents a new
and cost-effective approach (objective 1)

e It was demonstrated that PETG is a suitable material to sustain spores germination and
to create a proper shape changing surface layer of a biosensor; and that alpha pinene is
the most suitable volatile (objective 3 & 4).

e Designing and fabricating the world’s first biosensor capable of detecting yellow rust
in 72 hours (objectives 2 & 5)

e The produced sensor is considered as a state of art product as it is the first and only
available infield sensor allowing for the detection and sensing of yellow rust in 72
hours, allowing for pre-infection measurements to be taken to counter it, hence
increasing the wheat yield crop yield without increasing agricultural land space

required.

9.2 Future Work

Several research questions have been answered through this thesis, but several other research
questions were also opened and must be addressed in the future by further research studies.
Possible future directions for research following on from this thesis can be undertaken in the

following areas:

1) The multi-layered design of the sensor allows for modularity, hence can be easily
adapted to detect different pathogens. Based on the target pathogen, the morphology of
the first layer can be changed to mimic the surface of the corresponding plant leaf. This
mimicry allows the layer to provide the required morphological cues required for
pathogen growth. The second layer (feeding layer) can be changed based on the target
pathogen to provide the appropriate nutrition, acting as a substrate that can be broken

down into the analyte detected by the third layer. Volatiles can be also added as an
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2)

3)

4)

additional growth cue helping the target pathogen to grow. Finally, the third layer
(sensing layer) can be tailored to detect target analyte indicating the presence of the
pathogen.

Investigate the addition of additives to the PETG to transform it from a shape memory
material into a shape changing one, allowing to develop a smart functional membrane.
The membrane uses biopolymers to create 3D structures on a planar substrate that will
imitate biological tissues, notably plant leaves and stems. The produced surface will
comprise of additively printed smart biopolymer composites suitably doped patterned
to mimic the necessary topological cues within the target plant, to cause a pathogenic
spore to first germinate, grow and develop to infiltrate the host. These bioinspired
engineered features may be optical, surface-topology, volatile-emission, nutrients, or
any other combination of plant characteristics necessary to promote the growth of the
pathogen.

Investigate other materials rather than agar for the second layer (feeding media) aiming
to increase the shelf life of the sensor. Currently, agar dries after two weeks, which
means that every two weeks the second layer of the sensor needs to be replaced. Other
hydrogels with longer stability must be investigated. This will also require the
investigation of the incorporation of the same nutrition and volatiles, and the
optimisation of the release rates.

Field testing for the biosensor needs to be carried out to proof functionality. Moreover,
the biosensor will be integrated as part of a wider sensing network using the internet of
things (I0T), leading to the development of an early disease detection and warning
system. The infield number of sensors should be around 3 per 100 m? based on the
yellow rust spore density in the field [568]. A spore capture kit will be developed and

used to increase the number of yellow rust landing on the biosensor.
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