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RESUMO

Diabetes mellitus, uma doenca metabolica prevalente que afeta centenas de milhdes de pessoas em
todo o mundo, exige uma monitorizacdo continua da glicose para uma gestdo eficaz. Os métodos atuais
de monitorizacao da glicemia, como os glicosimetros comerciais, embora precisos, sao invasivos e
desconfortaveis, realcando a necessidade de alternativas nao invasivas e ultrassensiveis. Os
biomarcadores presentes no sangue foram encontrados em menor quantidade nas lagrimas, abrindo a
possibilidade de usar o olho para monitorizacdo nao invasiva. As lentes de contacto surgem como
potenciais candidatas para uma plataforma de biossensores, uma vez que mantém contacto direto com
o filme lacrimal. Aqui, apresentamos uma plataforma de detecéo de glicose utilizando transistores de
efeito de campo de grafeno controlados por eletrolitos (EG-GFETSs) funcionalizados com enzimas glicose
oxidase. A caracterizacdo detalhada do material por espectroscopia Raman e fotoeletrénica de raios-X
confirma a imobilizacdo bem-sucedida da enzima, com um aumento acentuado do contetido de azoto
de 0,9% para 7,6% de concentracdo atomica na superficie do grafeno, indicando cobertura com glicose
oxidase. Os EG-GFET demonstram um limite de detec&o ultrabaixo de 1 attomolar, com uma mudanca
consistente de voltagem do ponto de Dirac de +26 + 4 mV e uma resposta linear a seis ordens de
grandeza (até 1 picomolar, com uma sensibilidade de 10, 6 mV/década). O sensor mantém uma elevada
seletividade na presenca de interferentes e em lagrimas artificiais (com um limite de detecado de 100
attomolar). Com base neste conhecimento, desenvolvemos ainda uma estratégia dedicada a potencial
integracdo de uma plataforma de detecdo de glicose baseada em lentes de contacto revestidas de
grafeno. Estas lentes com grafeno foram caracterizadas minuciosamente através de diversas técnicas
para avaliar a sua qualidade, incluindo a morfologia, continuidade e uniformidade das camadas. O
método de transferéncia de grafeno foi otimizado para superar desafios anteriores, como a rutura do
filme e a cobertura irregular, incorporando um suporte impresso em 3D, permitindo a melhoria do
processo de transferéncia. Foi desenvolvido um protocolo para funcionalizar o grafeno para detecdo de
glicose, integrando um modelo personalizado impresso em 3D que garantiu a imersao controlada e a
protecdo da lente durante a funcionalizacdo. A espectroscopia Raman e as medicdes do angulo de
contacto foram empregues para monitorizar as modificacdes causadas no grafeno em cada etapa de
funcionalizacdo. Além disso, a espectroscopia ultravioleta-visivel confirmou a interacdo bem-sucedida
entre a glicose e a enzima imobilizada, com evidéncias de producao de perdxido de hidrogénio.

Palavras-chave: Diabetes; Monitorizacao de glicose; Grafeno; Transistores de efeito de campo; Lentes

de contacto.



ABSTRACT

Diabetes mellitus, a prevalent metabolic disorder affecting hundreds of millions worldwide, demands
continuous glucose monitoring for effective management. Current blood glucose monitoring methods,
such as commercial glucometers, though accurate, are invasive and uncomfortable, highlighting the need
for non-invasive, ultra-sensitive alternatives. The biomarkers present in the blood have been found in
smaller quantities in the tears, opening the possibility of using the eye for non-invasive monitoring. Contact
lenses emerge as a potential candidate for a biosensing platform, as they maintain direct contact with
the tear film. Here, we present a glucose sensing platform using electrolyte-gated graphene field-effect
transistors (EG-GFETs) functionalized with glucose oxidase enzymes. Detailed material characterization
by Raman and X-ray photoelectron spectroscopies confirms successful enzyme immobilization, with a
marked increase in nitrogen content from 0.9% to 7.6% atomic concentration on the graphene surface,
indicating substantial glucose oxidase coverage. The EG-GFETs demonstrate a ultra-low limit-of-detection
of 1 attomolar, with a consistent Dirac point voltage shift of +26 + 4 mV and a linear response across six
orders of magnitude (up to 1 picomolar, with a sensitivity of 10.6 mV/decade). The sensor maintains
high selectivity in the presence of interferents and in complex media, such as artificial tears (with a limit-
of-detection of 100 attomolar). Moving from this know-how, we further develop a strategy dedicated to
the potential integration of a graphene-based glucose sensing platform in contact lenses. Graphene-
coated lenses were thoroughly characterized using multiple techniques to assess their quality, including
morphology, continuity, and layer uniformity. The graphene transfer method was optimized to overcome
previous challenges, such as film rupture and uneven coverage, by incorporating a newly designed 3D-
printed holder, enabling the upscaling of the transfer process. A specific protocol was developed to
functionalize the graphene for glucose sensing, integrating a custom 3D-printed template that ensured
controlled immersion and protection of the lens during functionalization. Raman spectroscopy and water
contact angle measurements were employed to monitor modifications caused in the graphene at each
functionalization step. Additionally, ultraviolet-visible spectroscopy confirmed the successful interaction
between glucose and the immobilized enzyme, with evidence of hydrogen peroxide production.

Keywords: Diabetes; Glucose monitoring; Graphene; Field-effect transistors; Contact lenses.
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1. INTRODUCTION

Glucose is a primary source of energy for cellular activity in the body, and maintaining its optimal
concentration in the blood is crucial. However, certain patients suffer from metabolic disorders that affect
glucose processing. Diabetes mellitus, a major metabolic disorder that impairs glucose regulation, affects
more than 400 million people worldwide and is projected to impact up to ~700 million people by 2045
[1], [2]. This condition is characterized by hyperglycemia resulting from defects in insulin secretion or
action [3], [4]. Without proper management, diabetes can lead to severe complications such as blindness,
cardiovascular diseases, nerve damage, and even cancer [3]. Many glucose measurement approaches
exist, and efforts are being devoted to achieving functional continuous glucose monitoring. Glucose
sensors range from optical (by using tilted fibers, photonic crystals or liquid crystals) [5], [6] to
electrochemical (through functionalized graphene derivatives and modified or bare electrodes) [7], [8].
Essentially, they can be classified as non-enzymatic or enzymatic. Non-enzymatic sensors rely on the
direct electrochemical oxidation of glucose, induced by the intrinsic catalytic properties of the electrode
materials [9], which can be metallic (e.g, Pt, Au, or Cu), polymeric or carbon-based [10], [11]. These
sensors are conceptually simple, versatile, low-cost, highly stable and durable [12], [13]. However, they
lack biorecognition probes, which are crucial when sensing any analyte in highly complex media such as
body fluids [12]. Although more costly and susceptible to degradation over time due to environmental
factors [14], enzymatic glucose sensors offer unmatched sensitivity and selectivity toward glucose. The
integration of a glucose-recognition element, such as glucose oxidase (GOx) enzymes, allows selective
transducing only when exposed to glucose [15], [16]. Enzymatic finger-pricking sensors are suitable and
for accurate at-home monitoring of blood glucose levels (between 4.4 and 6.7 mM in the daytime) [17],
[18], but these can be perceived as invasive, uncomfortable, and risky, leading to reluctance or rejection
in 30 % of patients [19]. Other biofluids, such as tears and saliva (normal glucose levels of 0.1-0.2 mM
for both), have been proposed as diagnostic biofluids to replace blood. They are considered ideal for non-
invasive glucose monitoring but would require high sensitivity, since their fasting glucose concentrations
are lower than those of blood (averaging > 0.4 mM for tears and > 0.8 mM for saliva vs. > 7 mM for
diabetic patients) [20], [21], [22], [23], [24]. At present, tear- and saliva-based glucose sensors have not

progressed enough to enter the market.



In recent years, graphene emerged as a key material for electronics and sensing technologies, capitalizing
on high surface-to-volume ratio, excellent carrier mobility and ease in functionalization [25], [26],
graphene represents an ideal platform to interact efficiently with the surrounding environment and react
to external stimuli with high sensitivity. In particular, the ability to transduce biological interactions into
measurable electrical signals is valuable for biosensing. Graphene field-effect transistors (GFETs) have
been implemented as biosensors able to detect a wide array of analytes, ranging from gases to biological
molecules, at extremely low concentrations and with exceptional precision [27], [28], [29]. Modification
with specific recognition elements allows fine-tuning the selectivity of GFETs, even in complex body fluids
[30], [31], [32]. Particularly, electrolyte-gated graphene field-effect transistors (EG-GFETs) exploit a highly
efficient local gating mechanism to improve sensitivity.

As healthcare continues to evolve, wearable technology has shifted significant attention into integrating
selective glucose biosensing into stable and biocompatible platforms. Contact lenses (CLs) are now the
gold standard for futuristic wearable tear-based glucose monitoring, as they can provide continuous
physical contact with the eye without irritation [33]. The abundance of biomarkers on the tear film and
the continuous touch with the eye have promoted the creation of several innovative methods for tracking
biological signals from the eyes, offering minimally invasive monitoring of disease onset [34], [35], [36].
Integration of electronic components can be embedded into smart CLs, allowing monitorization of the
biometric data [37], [38]. These point-of-care, portable devices can potentially treat eye diseases by
delivering drugs, heat, light, and electrical stimulation [39]. [40]. Important factors to consider are their
portability, affordability, and user-friendliness [41]. [42]. To this end, the use of biocompatible and flexible
electrode materials is imperative. Graphene, the famous single layer of carbon atoms, is known for its
outstanding textbook properties, such as inherent low light absorption, high conductivity, favorable
mechanical properties and easy functionalization. The integration of graphene should maintain the optical
properties of the CLs while selectively detecting and real-time monitoring the intended biomarker with
minimal invasiveness [33], [37], [41], [43].

This dissertation is divided into five chapters. In the introductory chapter, the properties of graphene, its
production and extensive applications of different fields are explored with a focus on the biosensing field,
were ease to functionalization enables fabrication of biosensors for different types of molecules, including
glucose. The motivation behind the CLs technology is then described, highlighting the different types of
diseases that are reflected in the eye and the current technology that integrates graphene to sense these

biomarkers. The second chapter gives a comprehensive description of the materials and methods



employed in fabrication of the devices used in this thesis. The following chapter introduces all the
characterization techniques essential for measuring and understanding the devices. Chapters four and
five are related to the experimental work, showcasing all results and their discussion. The former focuses
in validating the glucose detection theory through different types of experiments and further exploring the
glucose sensing mechanisms in more complex mediums, and the latter focuses on in-depth analyses of

graphene-coated lenses and development of protocols that could benefit future biosensing contact lenses.

1.1 Graphene

Graphene is simply a single layer of carbon atoms, which was first isolated in 2004 and earned Andre
Geim and Kostya Novoselov the 2010 Nobel Prize in Physics [44],[45]. This layer consists of two
equivalent carbon sublattices A and B arranged in a hexagonal honeycomb form (Figure 1a) [44]. Due to
the flexibility of the graphene bonds, it can exist as different allotropes. Graphite, for example, can be
viewed as a stack of graphene layers, where the layers are held together by weak van der Waals forces
(Figure 1b). Carbon Nanotubes are rolled-up cylinders of graphene, which exhibit exceptional strength
and conductivity (Figure 1c). Fullerenes are molecules consisting of wrapped graphene by the introduction
of pentagons on the hexagonal lattice, forming spherical or cylindrical structures (Figure 1d). These can
be used to understand the several physical and electronic properties of each [46]. The graphene bonds
are characterized by hybridization between one s orbital and two p orbitals leading to a trigonal planar
structure. Each atom of carbon forms three spz bonds to its nearest neighbouring carbon atoms which
are 1.42 A apart (Figure 1a), leaving one p orbital unchanged. All bonds between the carbon atoms are
known as sigma bonds and are responsible for the robustness of the lattice structure in all allotropes
[46]. Moreover, a delocalized weaker bond is formed by the unaffected p orbital with neighbouring carbon
atoms, which is perpendicular to the planar structure, and responsible for creating the 1 band which
gives the material's optoelectronic properties [46], [47]. The m electrons are responsible for the formation
of the m and ™ states, corresponding to the valence and conduction band, respectively. These two bands
touch at six points that can be reduced to a pair, K and K', which are independent of one another due to
symmetry (Figure 1e). These points are named Dirac points and are where the conduction and valence

bands have a very tiny overlap making it a zero-band gap material [48].



Figure 1: (a) Lattice structure of graphene (al and a2 are the lattice unit vectors and 8i, i=1,2,3 are the nearest-
neighbour vectors) (b) Graphite (c) Carbon nanotubes (d) Fullerenes () Electronic dispersion in the honeycomb
lattice. Left: energy spectrum (in units of t) for finite values of t and t', with t=2.7 eV and t'=-0.2t. Right: zoom in

on the energy bands close to one of the Dirac points. Reproduced from [46].

The extraordinary characteristics of graphene originate precisely from this unaffected p orbital which
results in an extremely stiff material, that exhibits very high thermal conductivity, has zero effective mass,
is impermeable to gases, and displays high mobility of charge carriers [49]. At room temperature,

graphene can achieve carrier mobilities of around 10,000 cmz2/V.s when voltage is applied. Additionally,



it shows a robust ambipolar electric field, which indicates that the electric field has a substantial impact
on both electrons and holes. Compared with traditional materials, graphene exhibits higher stiffness,
elasticity and tensile strength [50], and is even considered the strongest nanomaterial ever tested.
Optically, a single layer of graphene can transmit light up to 97.7% (absorbing only 2.3% of the light) [51].
Such textbook properties have prompted the integration of graphene to improve several fields [52], [53],
[54]. In the context of solar cells, the ability to easily dope graphene, and thus reducing the graphene
sheet resistance allowed an improvement in power conversion efficiency (PCE) of a factor of 4.5
compared with the undoped device [55] and further improvements in PCE were achieved when using
graphene for transparent electrodes for perovskite solar cells [56]. Other types of electronic devices that
benefit from graphene are supercapacitors. It was shown that the preparation method has a high impact
on the device's performance, as its high capacitance and energy density depend on the quality of the
graphene [57], [58]. Furthermore, chemically modified graphene with controlled dope levels improves
capacitance [59]. Besides electronic research, graphene has also been explored in photonic applications,
more specifically in transistor-based photodetectors. Compared with conventional photodetectors, the use
of single- and multi-layer graphene leads to high bandwidth light detection, zero source-drain bias and
dark current operation, and good internal quantum efficiency [60]. Further research used a double-layer
heterostructure allowing room-temperature photodetection from the visible to the mid-infrared range with
high responsivity [61]. Graphene has been also employed as a transducing material for sensing
applications, where it is used for the transport of electrical current. The ease for immobilization of
biorecognition elements on its surface allows for specific capture of targeted analytes, where the
interaction between these two elements causes electrostatic changes in the environment which graphene
is sensitive to, allowing detection [62], [63]. Since the first synthesis of graphene by mechanically
exfoliating graphite (Scotch tape method) [44], several methods have been developed to improve
graphene growth quality and in different scalabilities. The methods for preparing graphene can be divided
into two main categories: the bottom-up and the top-down [64], [65]. The bottom-up method involves
assembling smaller units into larger nanostructures through various physical and chemical processes. In
contrast, the top-down method involves breaking down bulk materials into smaller structures to create
the desired nanostructures. Top-down approaches are intrinsically the best solution to produce graphene
materials with high yields and in large, scalable volumes [66]. Examples of these techniques include
mechanical exfoliation and liquid-phase exfoliation. The bottom-up approach includes processes like

chemical vapor deposition (CVD) and thermal decomposition of SiC.



1.1.1 Chemical vapor deposition growth

CVD is the most common method to produce graphene and is defined by the deposition of a solid on a
heated surface from a chemical reaction in the vapor phase [67]. CVD has cemented its position as a
crucial technique for the preparation and synthesis of graphene for various applications [68], [69], having
been used to successfully grow a 30-inch graphene film, paving a way to produce graphene at a large
scale [70]. Comparing the materials used as catalysts for graphene growth, the most used being Nickel
and Copper (Cu), Cu is the most used due to having a higher catalytic activity for the growth [71]. Cu has
an ultralow carbon solubility (7.4 ppm at 1020°C) [72], meaning that even if the hydrocarbon
concentration is high or the growth time is long there will not occur carbon precipitation and saturation,
thus only a small amount of carbon dissolved in the Cu resulting in a large area of monolayer graphene,
with only few-layered graphene flakes being present in low percentages [68], [73], [74]. An important
factor to have in consideration is the effect of hydrogen (H:), which can negatively impact the quality of
the graphene film [75]. This happens because suboptimal ratio between methane (CH.) and H: can lead
to an inhibitor role of graphene, where the H. dissociative chemisorption competes with CH. dissociative
dehydrogenation on surface sites [75]. In the other hand, it can enhance the provision of CH radicals
needed for graphene nucleation [76]. Moreover, the purity and pre-treatment of Cu also play a crucial
role in the outcome of graphene synthesis [77]. Before the growth, the substrate needs to be pretreated
and annealed at high temperatures to improve substrate characteristics [78]. During the annealing
process the introduction of very small quantities of oxygen and H. into the chamber can help reduce
nucleation sites of the graphene by burning any carbon-containing contaminants and reduce and activate
the weakly oxidized Cu surface, respectively [78]. The growth is initiated by introducing hydrocarbon
precursor into the chamber that decomposes into active carbon species to fuel the growth of graphene
[78]. Usually methane (CH:) and acetylene (C:H:) are the most used hydrocarbons, followed by ethylene
(CzHs) [71]. The hydrocarbons precursors get adsorbed onto the Cu substrate. After the growth, the
temperature of the chamber and as-formed graphene should be reduced to near room temperature to
prevent oxidation of graphene [71], [79]. Therefore, the CVD process for graphene growth can be divided
into heating the chamber, substrate annealing, graphene growth, and cooling steps. Figure 2 shows in
detail the graphene growth process. First, the reactants are transported into the CVD reactor. The gaseous
precursor can undergo a reaction to form active species in the vapor phase. These reactant gases then
either undergo gas-phase reactions to form intermediate reactants and gaseous by-products via

homogeneous reactions or diffuse directly through the boundary layer to the substrate. Then, both are



transported onto the substrate through the surface adsorption. These species would then diffuse on the
substrate, collide with each other, and finally overcome the energy barrier to initiate the nucleation, growth
and coalescence as well as formation of reaction by-products. Finally, any gaseous products and

unreacted species desorb from the surface and are carried away from the reaction zone [71], [78].
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Figure 2: Schematic of general elementary steps of a typical CVD process. Reproduced from [83].

Even though the CVD graphene growth method has received considerable attention for achieving optimal
conditions [80], [81], graphene defects may arise during the transfer process, originating either due to

the trapped water between the graphene and the target substrate or due to the Cu morphology [82].

Transfer process

The transfer of graphene to multiple substrates is typically done using a wet transfer process that involves
the deposition of a polymer, such as polymethyl methacrylate (PMMA), to provide mechanical stabilization
for the graphene during transfer, followed by chemical etching of the metal catalyst and subsequent
fishing of the graphene-polymer stack with the target substrate, where the polymer will be later dissolved
[83]. The wet transfer process used is based on Yoon et al. sample preparation [84], where the CVD-
grown graphene on the Cu foil is spin-coated with a PMMA polymer to then proceed to the etching of the
metallic catalyst (Figure 3a). Starting with a FeCl: (Iron(lll) chloride) solution to etch the growth substrate,
the PMMA/Gr substrate then goes through several intercalated baths (such as deionized (DI) water and
hydrochloric acid) to essentially remove any etchant impurities. The CVD-grown graphene is scooped onto
the target substrate and dried either at room temperature or by curing at higher temperatures. Because

PMMA is only used as a sacrificial and supporting layer, the final step is to remove it (usually in acetone).



In the case of CLs, a similar process was developed at INL where a template was specifically designed to
support the CLs when scooping the graphene. This template has a hemispherical radius curvature equal
to that of the contact lens (CL) to avoid the appearance of air bubbles when scooping the PMMA/Gr. A
hot template is used at 80°C for 45 min to dry the water that stayed trapped between the CLs and the
graphene. The removal of the PMMA layer is done by emerging the template CLs in an acetone bath for
approximately 1 hour (Figure 3b). The wet transfer is then concluded when the CL is put in a saline

solution.
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Figure 3: (a) Schematic diagram of the transfer process of CVD-grown graphene on copper foil by wet transfer.

Reproduced from [84]. (b) Wet transfer method developed to transfer the CVD-grown graphene to the CLs at INL.



1.2 Graphene field effect transistor technology

Field-effect transistors (FETs) are key components in electronics, most used in digital circuits and
amplifiers. The FETs are composed of three metallic conducting electrodes: Source (S), Drain (D) and
Gate (G) where the conductive channel connects the S and D. The current between these two electrodes
is controlled by the G, by applying an electric field. Traditional FETs use a thin insulating layer (dielectric)
between the G and the channel to control conductivity, making them suitable in high-speed, low-power
electronic devices [85]. In addition to their importance in computing and communications technologies,
FET-based sensors have generated interest in biosensing and chemical detection applications, due to
their high sensitivity, and potential for miniaturization. One of the most promising types of FETs is the
graphene-based field-effect transistors (GFETs) [85]. Graphene and graphene-related materials have been
largely exploited to develop improved chemical and biological electrochemical sensors. This is not only
due to the better and unique electrochemical properties of graphene but also to the ease of functionalizing
the graphene surfaces with specific elements of interest [64],[86]. These properties make GFETs
particularly attractive for biosensing applications, where ultra-sensitive detection of biomolecules is
required. Electrolyte-gated transistors (EG-Ts) are very similar to the traditional ones with a key difference,
instead of the classical very thin insulating layer (dielectric) which separates the G electrode and the
channel, in EG-Ts the G and the channel are in direct contact with an electrolyte. Equally, the conductivity
of the channel is modulated by the voltage applied to the gate [87], [88]. EG-Ts are known to be stable
in an aqueous environment, operate at low voltages, and can transduce and amplify biological signals
into electronic signals, making them important building blocks for enhanced bioelectronics [89], [90],
[87], [88]. Graphene has been implemented as the material for the conducting channel, forming
electrolyte-gated graphene field-effect transistor (EG-GFET), where the channel will be in direct contact
with the electrolyte resulting in a device that outperforms current technologies in terms of their gate

sensitivity.

1.2.1 Biosensing

In order to make GFET sensors specific to a target molecule, the graphene surface needs to be
functionalized with molecules that are capable of recognizing and capturing target analyte, known as
probe molecules Figure 4a. Often the graphene surface is not completely covered with the probe

molecules and to inhibit non-specific interactions that could lead to false results, passivation strategies



are employed [91]. Biorecognition events causing changes in membrane integrity can be electrically
monitored using functionalized EG-GFETs [92], but the high expectations for GFETs are still to be met
because they are primarily sensitive to the charges carried by the biomolecules adsorbed on the graphene
surface, which suffers from the ionic screening due to mobile ions present in the solution, known as the
Debye screening effect [93]. In electrolytes, this screening effect is characterized by the Debye length
(Ap). The Ap is characterized by the net electrostatic effect in the analyte and how far its electrostatic
effect persists, in other words, it is the thickness of the electrical double layer (EDL) (Figure 4b). Having
a critical effect on the overall performance of the sensor [48], [94]. When the analyte is drop-casted into
the channel to serve as a medium of detection, the application of a Gate voltage will cause the formation
of an EDL on the graphene channel, which consists of two parallel layers of opposite charge that act like
a capacitor due to their approximation, significantly increasing the capacitance and transconductance of
the device. Depending on the doping of the graphene the first layer will consist of positive ions if the
graphene is n-doped and negative ions if p-doped. The second layer is roughly associated with the
channel. The changes in ionic concentration or charge distribution within the electrolyte, confined to the
Debye screening length, are effectively transduced to the graphene channel by modeling its capacitance
[25], [95], [96], [97]. This is the reason why EG-FETs are very sensitive to changes in the environment
and this intimate correlation with the environment around its surface, means that changes in the pH
solution/analyte and proteins attached to the surface can all have an immediate impact on the channel
conductance [98].

The mode of operation of a GFET when sensing target molecules can be understood by two main
characteristics, the transfer curves and the change in transconductance. By fixing a bias between the
drain and the source (Vds), transfer curves can be obtained by sweeping the gate voltage Vg. This results
in a plot where the current is plotted as a function of the gate bias, typically with a V-shaped curve, as
illustrated in Figure 4c [62]. This shape translates an exchange in the polarity of the majority charge
carriers in the graphene layer when sweeping the gate voltage: the left branch (or p-branch) represents
an increasing density of positive charge carriers (holes), while the right branch (or n-branch) represents
negative charge carriers (electrons) [62], [99]. This occurs because, unlike silicon transistors and other
semiconductors with a bandgap greater than zero, which exist in two different states (p-type and n-type),
in the case of graphene, the same transistor can function as both p-type and n-type [62], [99]. The
appearance of a minimum value for the current is noticeable, where both positive and negative carriers

have equal populations. This point between the two branches is known as the Charge Neutrality Point,

10



also referred as Dirac Point [62]. Transconductances for holes (g.(h)) and electrons (g»(e)) are not
necessarily the same, in which case the transfer curve is asymmetrical [62]. The interaction between
biological targets and biorecognition elements at the surface of graphene can alter the doping state of
graphene by altering the electric field and thus creating a shift in the Dirac point from its initial value [62].
The polarity represents the direction of the change on the voltage axis: p-doping when the Dirac Point
shifts to more positive voltage, n-doping when it shifts to more negative voltage [62]. This change is

proportional to the concentration of analyte molecules in the liquid.
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Figure 4: (a) Functionalized GFET with bio-recognition elements. (b) Schematic of the Debye screening effect makes
biomolecules carry zero net charge due to the Debye screening effect of ions in electrolyte. Reproduced from [94].
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to bottom represent the change in the voltage of the charge neutrality point Ve, change in the transconductance
of electrons gn(e) or holes g.(h), and change in the current amplitude, including at the charge neutrality point lew.

Reproduced from [62].

The graphene functionalization can be either by covalent binding of probe molecules, which are known
to alter the graphene electrical properties while having high stability on the graphene surface enabling
repeatability or by non-covalent binding, where the most used linker molecule is 1-pyrene butanoic acid
succinimidyl ester (PBASE) due to the molecule having an aromatic pyrene group that non-covalently
binds graphene without changing the channel electronic properties [62], which is important for the
fabrication of high-sensitivity sensors. The graphene can then be functionalized with antibodies [100],
[101], DNA[26], [102], [103], and proteins [104]. Fernandes et al. successfully functionalized an EG-
GFET device utilizing PBSE for the detection of Matrix Metalloproteinase 9, overcoming the hydrophobicity
of graphene that hinders the immobilization of antibodies [100]. A back-gated EG-GFET was functionalized

11



with antibodies to detect exosomes successfully for the first time, achieving a high sensitivity to low
concentrations of at least 0.1 ug/mL [101]. DNA hybridization detection has also been achieved, where
the current in the graphene channel significantly changes with the full complementary DNA attaching to
the DNA aptamer while the non-complementary DNA causes insignificant changes [102], making it
possible to detect a concentration of the DNA hybridization as low as 25 aM (10+¢) [103]. Dopamine (DA),
a neurotransmitter which is related to Parkinson’s disease was reported to be detected utilizing multiple
graphene transistors in an array configuration allowing the independent and simultaneous detection in
the same sample in concentrations as low as 1 aM [26]. GFETs has also been used to studied for glucose
detection, primarily through the functionalization of the graphene channel with GOx. Early studies utilizing
these systems for glucose detection were able to achieve limit of detection down to the 0.1 mM [105].
For instance, different techniques were introduced to achieve lower LODs, resulting in highly sensitive

glucose sensors, going as low as the uM concentrations [106], [107].

1.3 Graphene-based contact lens technology

In this section, graphene-based technology embedded into CLs will be discussed as well as its potential
in different types of applications where the simple introduction of graphene can improve its properties.
The properties and possibilities of CLs have been explored in several ways, from the detection of physical
and chemical biomarkers on eye, such as intraocular pressure and glucose. Since the first graphene-
coated lens was achieved, and some beneficial properties such as environmental electromagnetic
shielding and dehydration protection effect was obtained, the integration of graphene for different
applications would allow the dispose of materials used to build sensors on the CLs that would change its
properties and even obstruct clear vision [108]. For example, graphene was utilized in an adaptive lens
to correct presbyopia as a conductive coating. This adaptive lens exhibited fast response time of an
electrical signal that provides a continuous change in the effective refractive index of the lens, changing
the lens power and allowing the user to focus on nearby objects, thereby replicating the accommodation
mechanism of the younger eye [109]. Furthermore, the addition of graphene derivatives to the CLs has
been reported to enhance the physical and anti-bacterial properties while also improving the oxygen
permeability [110]. Other applications were shown when using graphene electrodes for conformal, full
cornea recording of ERG, exhibiting a superior solution compared to current methods used for measuring

electrical potential on the corneal surface since these are usually related to discomfort due to direct
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contact with a rigid CL [111]. The potential use of CLs as a drug delivery transport system represents an
innovative and promising approach in the field of ophthalmic drug administration as different studies
showed that GO not only enhanced drug-loading capacity and improved the mechanical properties of the
CL but also increased the release time of the drug offering an effective method to treat different types of

diseases [112], [113].

1.3.1 Biosensing

The development of CL-based sensors technology has gained traction in the past decade largely due to
advances in the miniaturization of electrical circuits and the identification of relevant biomarkers in the
tear and the eye. The eye provides information through physical biomarkers such as the intraocular
pressure (IOP). Elevated I0P can lead to glaucoma, a disease that changes the curvature of the cornea
and can lead to the progressive degeneration of the optic nerve which can end in blindness [114]. The
current method to measure I0P often leads to misleading clinic diagnoses, making it important to find an
alternative, being the ultimate objective of achieving real-time monitoring to mitigate the consequences
of high IOP [115]. Several studies have proposed the application of graphene as a resistive sensor that
could be integrated into CLs. The working principle consists of detecting the curvature change on the
cornea by monitoring the resistance of the graphene sensors that change if the CL is stretched. Liu et al,
proposed a “fish scale” microstructure on a PDMS substrate, a biocompatible material used to form CLs.
Using this structure, a Wheatstone bridge was developed exhibiting a sensibility of 3.166 mV/mmHg and
good linearity [116]. Xu et al, was able to achieve a higher sensitivity of 150 uV/mmHg, also using a
graphene-based Wheatstone bridge [117]. The major throwback in both these studies is that wires were
used to connect the CLs to an external processing chip and only then wireless communication was made.
Integration of the processing chip into the CL is necessary to avoid affecting the wearer's movements and
day-to-day life [116], [117]. Zhan et al. proposed a different structure for the detection of IOP. Graphene
in a woven fabric (GWF) arrangement mounted on the outside of the lens. Changes in the cornea curvature
forms cracks on the GWF and thus increase resistance. This structure was shown to have “healing”
properties enabling the constant formation and mending of these cracks enabling the continuous
monitoring of IOP (Figure 5d) [118].

As tears are a more accessible and less complex body fluid (than serum or plasma) and sampling is

much less invasive, research is starting to focus on how disease processes affect the tear film
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composition. It has been observed that the presence of abnormal metabolic molecules in tears arises
from dysregulation in metabolic pathways. By determining the compositional changes these cause in the
tear profile, pathways in disease progression may be identified, allowing for more predictive and
personalized therapy of the individual. Several studies have reported finding several biomarkers related
to breast cancer, diabetes, Alzheimer, dry eye syndrome and nerve injury present on the tear film [119],
[120], [121], [122], [123], [124]. The eyes are one of the most important sources of clinical information
in the human body. The close relation between tears and blood generates the presence of multiple
chemical biomarkers that can be tracked to diagnose and prevent severe diseases. A biomarker present
on the tear film is cortisol, a molecule that reflects stress or inflammation. A graphene channel on a FET
was chemically bonded with anti-bodies (C-Mab) and integrated onto a CL with an electrical circuit capable
of achieving wireless communication. The sensor enabled a detection of a concentration of 10 pg/ml,
that is low enough compared with the quantity of cortisol found in the tear film [125]. Similar to tracking
biomarkers to manage illnesses, continuous neurotransmitter detection in tears such as dopamine (DA),
that are related to neurodegenerative diseases, can provide indicators that can help anticipate future
symptoms [37]. A biosensing electrode was prepared from PEDOT functionalized with sulfur-doped
graphene (PEDOT-G) and the tyrosinase and poly (3,4 ethylene dioxythiophene) enzyme in order to
understand the relation between DA and myopia. A limit of detection was achieved for concentrations of
101 nM. Further tests showed the existence of a correlation between DA and myopia diopters, supporting
the underlying relationship between the DA concentration in tears and the negative diopters [126].

One of the most prominent molecules in the tear film is glucose. Several strategies have been developed
to fabricate a non-invasive method using CLs, for example, an early study showed the fabrication of an
electrode formed on a thin PDMS membrane that was functionalized with GOx and was supported by a
soft CL [127]. This study did not use graphene but showed the possibility of monitoring glucose changes
in the tear film using a wired line connected to the flexible electrode causing minimal irritation to the eye
[127]. CVD-grown graphene has shown potential different types of bio-applications [128], [129] being its
integration to CLs no different. A study tested a LED as a visual indication for glucose sensing. An antenna,
two electrodes, and a functionalized graphene channel compose the resistive glucose sensor that was
integrated with the LED onto the CLs (Figure 5a) [130]. The circuit's working concept is that when the
sensor is exposed to tear fluid with a glucose concentration over a certain threshold (0.9 mM), the sensor's
resistance decreases, which causes the LED's parallel circuit to become less resistant and eventually

switch off [130]. Another study used a hybrid structure comprising graphene and silver nanowire was
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created, and it was utilized as the electrodes of a GFET. The graphene channel was functionalized with
GOx. The CL’s integrated electronic circuitry included an antenna coil (Figure 5b) achieving detection of
1 uM of glucose [131]. Wireless operation was achieved by coupling the sensor with an external antenna

as shown in Figure 5¢ [131].
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Figure 5: (a) Operation of the soft, smart CL. Reproduced from [130]. (b) Photographs (left, off-state; right, on-
state) of operating wireless display with lens shape located on the artificial eye. Scale bars, 1 cm. Reproduced from
[131]. (c) Schematic of the reading circuit for wireless sensing on CLs. Reproduced from [131]. (d) Working
principle of the device and current pathway through a fractured graphene woven fabric. Reproduced from [118].

(e) Graphene as a shielding layer against EM waves and dehydration protection. Reproduced from [132].

Ideally, the integration of a sensing device would be accompanied by a wireless circuit system to transmit
data in real-time and have continuous monitoring. Although electrical circuits have been successfully
integrated into CLs, a reliable method to wirelessly power these circuits has yet to be established. In most
cases, it is necessity to use wires, opposing as a major drawback as it can lead to discomfort from the

patient and potentially promote air bubbles between the CL and the cornea [133]. As graphene has
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attracted a lot of attention for its suitable characteristics in the optical, mechanical, and electrical fields,
researchers think of it as the perfect candidate to fabricate these sensing systems that could be embedded
to the CLs [134]. In particular, graphene-based sensors, such as electrolyte-gated graphene field-effect
transistors (EG-GFETs), have shown notable improvements compared to conventional sensors which the

circuits integrated into the CLs could benefit from.

16



2. MATERIALS AND METHODS

In this chapter, we define all the techniques used to fabricate the materials and devices in this work.
Firstly, graphene growth and its transfer to different substrates. Surface functionalization of the graphene

on electrolyte-gated field-effect transistors, bare Si/SiO. substrates and contact lenses is also described.

2.1 Graphene production

Monolayer graphene growth was performed in an EasyTube ET3000 chemical vapor deposition (CVD)
system (CVD Corp, USA). Graphene was grown on copper (Cu) foils/substrates that act as catalysts. The
5 x 5 ¢cmz Cu foils (99.99+% purity) were initially chemically treated in a solution of FeCls, HCI, and DI
water for 1 min under ultrasound to reduce rugosities and organic contamination and then heated on a
hot plate at 250°C in air for 20 min for partial oxidation. The oxidized Cu foils were placed into a three-
zone quartz tube furnace, and the chamber was evacuated to approximately 10 mTorr and then filled
with 250 sccm argon (Ar, 99.999 % purity) and 170 sccm hydrogen (H, 99.999 % purity) gas mixtures.
Once the growth temperature and pressure were reached, 1.25 sccm CHs, the carbon precursor, was
introduced into the chamber. Monolayer graphene growth was carried out at 1040°C and 6 Torr for 1 h

on both sides of the Cu foil.

2.1.1 Transfer

Graphene was transferred via an optimized poly(methyl methacrylate) (PMMA) solution designed to
provide mechanical support during the transfer cycles while suppressing potential contamination [135].
The optimized PMMA is a mixture of PMMA-550k (550,000 average molecular weight) and PMMA-15k
(15,000 average molecular weight) in anisole at a 2:1 ratio (3 wt. %). PMMA was spin-coated (3000 rpm,
30 s) on the top side of the graphene/Cu/graphene, followed by drying in a fume hood at room
temperature (RT) overnight. Plasma ashing (PVA TePla GiGAbatch, O.: Ar 1:1, 0.75 mbar, 230 W, 25°C,
2 min) was performed to remove graphene from the back side of the sample. To dissolve the Cu, the
sample was floated in a 0.5 M FeCls solution for 2 h. After full etching, the graphene/PMMA membrane
was rinsed in cycles of DI water and 2% HCI solution baths for 30 min to remove etchant impurities.
Finally, the graphene/PMMA was rinsed in DI water two times and transferred to the target substrate. For

the CL a dedicated holder was designed in AutoCAD (AutoDesk) and printed with a stereolithography
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(SLA) 3D printer (3D printer SLA — Formlabs Form 2). SLA 3D printing uses a laser to cure solid isotropic
parts from a liquid photopolymer resin. The resin used for the fabrication of the 3D-printed template was

grey resin (Ponto Z). The full transfer process is illustrated in Figure 3b.

2.1.2 Functionalization

The functionalization process of EG-GFETs followed the general procedure developed in [136], requiring
four fundamental steps. Between every functionalization step, the chips were thoroughly cleaned with
Milli-Q water, dried with N. flow and measured with undiluted phosphate buffer saline (1 x PBS, pH =
7.4). 1 x PBS was prepared by diluting two tablets in 400 mL of Milli-Q water. 1) Au gates were passivated
with DDT (2 mM in ethanol), a gold blocking agent, for 2 h. Every 30 minutes, 40 uL were applied to the
chips due to ethanol evaporation; 2) 40 uL of PBASE (10 mM in dimethyl sulfoxide; DMSQ), a hetero-
bifunctional linker binding graphene and GOx, were put on the chips for 2 h in a humid chamber. 3) A
solution of GOx (10 mg/mL in Milli-Q water) was applied in 40 uL and incubated overnight (~ 16 h), in a
humid chamber, to link to PBASE. iv) 40 uL of ETA was dropped on the chips and incubated for 30 min.
To confirm that GOx was correctly immobilized on graphene, we performed a robust characterization of
the steps 2) and 3) of the functionalization process on separate graphene samples transferred onto
Si/Si0: unpatterned substrates. To prepare D-(+)-glucose, ascorbic acid, lactic acid (lactate) and H.O.
concentrations, stock solutions of 1 mM of each analyte were prepared and diluted in 1 x PBS. To prove
the inactivation of GOx by H-0., 40 puL of 1 mM of H.O. was added to the Gr/PBASE/GOx/ETA device
and left in contact for 10 min. Afterwards, the chip was thoroughly cleaned with 1 x PBS. For the selectivity
test with the artificial tear, glucose concentrations were prepared directly in the artificial tear medium. A
dedicated support was designed to support the CLs during the transfer and functionalization process in
AutoCAD (AutoDesk) and printed with a stereolithography (SLA) 3D printer (3D printer SLA - Formlabs
Form 2). SLA 3D printing uses a laser to cure solid isotropic parts from a liquid photopolymer resin. The
resin used for the fabrication of the 3D-printed template was grey resin (Ponto Z). The functionalization
process of the graphene-coated lenses followed a similar approach to the one done on the EG-GFETs.

H.0.was used to prove the activity of the enzyme. The full transfer process is illustrated in Figure 36¢c-¢.
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3. CHARACTERIZATION TECHNIQUES

In this chapter, the techniques used for the characterization of the fabricated materials and devices are
described. The analyses were conducted using techniques such as optical microscopy, water contact
angle, Raman spectroscopy, X-ray Photoelectron Spectroscopy, Scanning electron microscopy, Ultraviolet-
visible spectroscopy and field effect transistor measurements. These techniques provided useful
information about the CVD-grown graphene intrinsic characteristics, such as its quality, number of layers,
continuity and electrical changes caused by the different experiments carried out throughout this work

and help better understand the glucose sensing mechanisms.

3.1 Optical microscopy

The optical microscope (OM) is the oldest technique of microscopy with its concept being born more than
2000 years ago, when it was discovered that it was possible to amplify a small object utilizing a spherical-
shaped transparent ‘lens’ [137]. This fundamental idea has developed over time, leading to the
emergence of more sophisticated OM. This technique utilizes visible light and a system of lenses to
magnify and resolve structures at the microscopic level. The resulting magnified image can be either
observed by eye or by live view and capture. The latter uses software that provides a live view of the
sample, allowing for real-time observation. OM is one of the simplest tools to examine 2D (Two-
dimensional) materials. For example, this method can give information about contamination and
homogeneity of the CVD graphene. It's easy to see wrinkles, holes, and cracks that occur during growth
and transfer. It's also possible to distinguish if graphene is multi-layered or monolayer through the contrast
difference. In this work, images were acquired using a Motic PSM-1000 microscope with 3 lenses (10x,
50x and 100x) and a mechanical stage (Figure 6). The digital images were acquired with a Moticam 5+

and the Motic Images Plus application software.
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Figure 6: Optical microscope used at INL facilities.

3.2 Scanning electron microscopy

Scanning Electron Microscopy (SEM) is a powerful non-destructive technique that utilizes a focused beam
of electrons to scan the surface of a sample, achieving resolutions down to the nanometer scale. When
the electron beam interacts with the sample, it generates various signals, including secondary electrons,
backscattered electrons, and characteristic X-rays, which are analyzed. These signals are then detected
and provide valuable information about the material's topography, morphology, and composition. One
challenge faced when using SEM is the potential overcharge of the surface if the sample is not electrically
conductive, which can lead to image distortion and potential damage. To avoid this happening, usually a
thin layer/tape of conductive material is used. SEM can acquire high-resolution images with
magnifications from ~10x to over 200,000x. This level of detail is not possible to obtain when using the
conventional optical microscope. Figure 7 shows the SEM available at the INL facilities, which was used

in this study to examine the morphology and integrity of graphene layers on contact lenses.
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Figure 7: (a) SEM at INL facilities. (b) Close up photograph of the stage.

3.3 Raman spectroscopy

Raman spectroscopy is a non-destructive technique capable of measuring the vibrational energy modes
of a sample using scattered light. This technique takes advantage of molecular vibrations to provide
valuable information about the chemical and structural composition of each molecule. These molecular
vibrations, caused by the movements of its individual atoms, are highly sensitive to the exact structure of
the molecule. This results in a unique vibrational spectrum, often referred to as the molecule's
"fingerprint" [138]. In Raman spectroscopy, a sample is irradiated with a laser of a single frequency.
The interaction between the laser and the molecules causes the light to be scattered, where three
possible outcomes can occur (Figure 8a). The most common result that takes place during scattering
events is known as Rayleigh or elastic scattering, where the energy of the molecule is conserved, and
the energy and wavelength of the scattered photon remains the same. The other outcome that can
happen is inelastic scattering, although not as common can still occur and is the basis for Raman

scattering. If the molecule gains energy from the photon during the scattering (excited to a higher
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vibrational state) then the scattered photon loses energy, increasing its wavelength. This occurrence is
called Stokes Raman scattering. Inversely, if the molecule loses energy by relaxing to a lower vibrational
state the scattered photon gains the corresponding energy and its wavelength decreases, is called Anti-

Stokes Raman scattering (Figure 8b) [138].
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Figure 8: (a) Three types of scattering processes that can occur when light interacts with a molecule. (b) Diagram

of the Rayleigh and Raman scattering processes. Reproduced from [138].

It is a powerful technique for characterizing sp?- and sp3-hybridized carbon allotropes with high resolution,
enabling the identification and detailed analysis of all members of the carbon family [63], [139]. This is
important as all sorts of carbon species can occur, in other words, unwanted by-products and structural
damage can appear when synthesizing graphene [139]. Thus, allowing a further characterization of the
CVD-grown graphene to a deeper level. Any variation of electronic properties due to defects, edges, doping
or magnetic fields affects the positions, widths, and intensities of the Raman peaks, which are divided
into two fundamentally different sets of peaks, the D, G, 2D and modes due to the in-plane vibrations
(Figure 9a) [140]. The D peak (1350 cm?) is known as the disorder band and its intensity is directly
proportional to the number of defects [141]. It is a resonant band that exhibits dispersive behavior, which
means that there are several very weak modes underlying this band and the choice of excitation laser
used will enhance different modes, which could lead to different positions and shape depending on the
laser frequency used. Monitoring the 2D peak (2700 cm-), a result of the two-phonon lattice vibrational
process and the G peak (1580 cm*) which arises from the in-plane vibration of sp2 carbon bonds, enables
the characterization of the structural and electronic properties of graphene [142]. By comparing the
intensities of both peaks, 1(2D)/I(G) is possible to estimate the number graphene of layers, with a high

ratio indicating monolayer (Figure 9b). Both these peaks are sensitive to doping and structural changes
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which means that there will be changes in its position and full width half maximum (FWHM) when under

different conditions [143].
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Figure 9: (a) Raman spectra of pristine (top) and defected (bottom) graphene. Reproduced from [140]. (b) Raman
spectra of graphene with different number of layers. Reproduced from [143].

Measurements were performed with an ALPHA300 R confocal Raman microscope (WITec) (Figure 10)
using 532 nm laser light for excitation at room temperature. The laser beam was focused on the sample
with 50x (NA = 0.7) and 100x (NA = 0.9 DIC) lenses (Zeiss). Single acquisitions and large-area scans
were performed using a 600 grooves/mm grating with 3 mW laser power. Raman data analysis was

performed with Project FIVE+ software (WITec).

Figure 10: Raman confocal microscope at INL's facilities. (a) Microscope and fiber optic Raman probe. (b) CCD

detectors and laser excitation source.
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3.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a relatively recent technique known for its high sensitivity for
chemical analysis. Surface analysis by XPS involves irradiating a solid in vacuo with monoenergetic soft
x-rays and analyzing the emitted electrons by energy. These photons have limited penetrating power
meaning that they interact with atoms in the surface region of the sample, the reason it is a surface
sensitive technique. As a result of this interaction, electrons are emitted by the photoelectric effect and
the kinetic energy that remains on the emitted electron is the quantity measured by converting it to binding
energy using the spectrometer work function. The spectrum is obtained as a plot of the number of
detected electrons per energy interval versus their binding energy. Figure 11a shows the different binding
energies of carbon species and Figure 11b a spectrum of a carbon atom in the 1s region. Since there are
a variety of possible final states of the ions from each type of atom, there is a corresponding variety of
kinetic energies of the emitted electrons. As a result, each element has a unique set of binding energies
making, XPS a valuable technique for identifying elements and determining their surface concentrations.
Variations in the elemental binding energies (the chemical shifts) arise from differences in the chemical
potential and polarizability of compounds. These chemical shifts can be used to identify the chemical

state of the materials being analyzed [144].
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XPS spectra were acquired with an ESCALAB 250 XI (Thermo Fisher Scientific, Source: Al Kot 1486.6 eV,
650 um spot size, Source Power: 300 W, Pass energy: 160 eV - survey; 10 eV - high resolution) system
with an analysis chamber maintained in ultrahigh vacuum (UHV ~ 5 x 10 mbar) conditions where the
functionalized monolayer graphene on the 2x2 cm? Si/SiO:. substrates was placed. The spectra were
referenced to the graphene C-C bonds at 284.5 eV. The spectra were analyzed with CasaXPS software
(Casa Software Ltd., version 2.3.25) [145], and the residual background was eliminated via the Shirley

method across the binding energy range of the peaks of interest.

3.5 Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy is an analytical technique used to measure the light absorbed or
transmitted through a sample in either liquid or solid state using a reference. This technique measures
the intensity of light in the ultraviolet (UV, 10nm - 400nm) and visible (vis, 400nm - 800nm) of the
electromagnetic spectrum. The resulting absorbance spectrum depends on the chemical composition of
the sample being analyzed, with peaks corresponding to electronic transitions. According to the Beer-
Lambert law, absorbance is directly proportional to the concentration of the absorbing species, path
length, and molar absorptivity, allowing for quantitative analysis of the sample. Electronic energy levels
consist of multiple vibrational energy levels, each of which further contain several rotational energy levels.
When a photon interacts with a molecule, it can induce a transition between electronic energy levels if its
energy matches the required energy difference. The resulting absorption of radiation is measured and
plotted against the electromagnetic wavelength to generate the spectrum. UV-vis measurements were
performed on a Shimadzu UV-Vis spectrophotometer, which allows the measurement of spectra of light
absorption with wavelengths ranging from 200 nm to 900 nm for liquid samples (Figure 12a). The liquid
samples were placed on dedicated cuvettes (Thor Labs) which were illuminated for the acquisition of the
absorbance vs wavelength spectrums. For the solid samples, the measurements were performed on a
PerkinElmer LAMBDA 950 UV-VIS-NIR spectrophotometer (Figure 12b). The samples were measured with
the help of a support.
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Figure 12: System used for (a) liquid samples and (b) solid samples at INL facilities.

3.6 Contact angle measurements

Water Contact Angle (WCA) measurements are usually used to estimate the wettability of a given surface.
A droplet forms a semi-spherical shape on top of a solid substrate when it is dropped onto it due to
surface tension in the liquid and the liquid's attraction to the surface. The angle created at the point of
contact between a tangent to the liquid surface and the solid surface is known as the contact angle.
Usually, the WCA measurements are classified into two main categories: hydrophobic surface, defined as
when the WCA is around 90° and above, or hydrophilic surface when the WCA produced is low. These
two categories are related to low surface energy and high surface energy, respectively [146], [147].

In the case of graphene, there have been several studies evaluating its wettability [148]. The results have
led to a divergence of opinions within the community where some researchers claim that pristine
graphene is hydrophilic [149], [150] while others claim it to be hydrophobic [151], [152]. These results
had the community consider the possible effect of the substrates having some sort of impact on the WCA.
Some claimed that the single-layer graphene had complete dependence on the substrate and the
increased number of layers leads towards bulk graphite WCA values [153]. Later the “wetting
translucency” term was introduced to characterize the partial effect that the substrate was shown to have
on graphene [154]. It was believed that about 30% of the van der Waals interactions between the water
and the substrate was transmitted through the graphene layer, acting as a translucent barrier [154]. The
absence of this transparency was also considered, and the wettability was attributed to the dimensionality
of graphene that could result in a variety of interfacial phenomena that influence the material's apparent

wettability [148], these include the possible unwanted doping of graphene, sample preparation methods
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and measurement procedures that can modify the graphene hydrophilicity [155], and possible
contamination of the sample due to exposure to ambient air [148], [156]. A study reported that airborne
hydrocarbons must be considered when measuring the WCA of graphene as they get adsorbed on
graphitic surfaces resulting in a more hydrophobic surface [156]. However, it was shown that this
contamination was shown to be partially reversible by thermal annealing and controlled ultraviolet-03
treatment [156]. Nevertheless, graphene wettability is related to the Fermi level, and it can be tuned
either through chemical or electrical doping. Moving the Fermi level away from the Dirac point showed

better hydrophilicity either by p-doping or n-doping (Figure 13) [157], [158].

Figure 13: Schematic illustrations show graphene wettability modulation by doping-induced Fermi level shifts.

Reproduced from [158].

Static wetting angle measurements were conducted with a drop shape analysis-contact angle (DSA-CA)
system (Figure 14) using DI water as the liquid medium to characterize each functionalization stage. A 3
WL water droplet was deposited on the surface of the sample at a dosing rate of 600 uL/min, and the
water contact angle (WCA) was calculated. All the measurements were carried out in air at room
temperature. For each analysis, a minimum of 10 measurements were performed, and the average was
calculated. Droplet profiles were automatically detected and analyzed by fitting to the Young-Laplace

equation in DSA3® software (Kruss).
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Figure 14: Water contact angle at INL's cleanroom. (a) Water Contact Angle setup. (b) Close up photograph of the

stage and DI water syringe of the setup.

3.7 Field effect transistor measurements

A signal acquisition platform connected the PCB with the wire-bonded chips to the computer interface
and traced the EG-GFET transfer curves. The in-house developed electronic platform has a microcontroller
that controls the digital-to-analog converter (DAC), one regulated voltage source generating the gate
voltage sweeps (Ves), and another source that applies a constant source-drain voltage (V) between the
source and drain contacts of each device. The source-drain current (los) is converted into a voltage by an
analog-to-digital converter (ADC) before the digital data is sent to the computer via a USB connection. The
transfer curve of each EG-GFET was measured after each functionalization process step by applying a
Vs = 15 mV and measuring lss in 500 Ves steps between -0.3 and 0.7 V. The signal is the shift of the
minimum conductance point, equated to the Dirac point (AVore), relative to the baseline for each analyte

concentration.
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4.GLUCOSE SENSING VIA ELECTROLYTE-GATED GRAPHENE FIELD-

EFFECT TRANSISTOR

In this chapter, we investigate the glucose sensing mechanism in electrolyte-gated graphene field-effect
transistor sensors. The sensors were fabricated in INL's cleanroom by advanced photolithography
processes. The graphene channel was functionalized for glucose sensing. After each step, we used
Raman and XPS spectroscopies to verify the immobilization of glucose oxidase onto graphene. Following
this characterization, the glucose sensing mechanism was explained and proved with different types of
experiments. The last part of the chapter discusses the selectivity of the sensor and the detection of

glucose in artificial tear solutions.

4.1 Functionalization and characterization of the graphene channel

The effectiveness and reliability of biosensing via EG-GFETs highly depend on the integrity of the
functionalization processes applied to graphene. In our devices, the glucose-sensing mechanism relies
on the immobilization of the GOx enzyme on graphene. We chose this specific enzyme for its high
specificity to glucose and large turnover (/e., the number of substrate molecules that an enzyme can
convert to the product of reaction per active site per unit time before the enzyme is fully saturated with
the substrate, which is essentially an indication of the enzyme’s catalytic efficiency) [159], [160], [161].
The process required to immobilize GOx on graphene is shown in Figure 15a. Considering that covalent
modifications can alter graphene’s electrical properties, a pyrene linker was chosen, PBASE, to anchor
the enzyme onto graphene via an amine bond, which is facilitated by the nucleophilic substitution reaction
of N-hydroxysuccinimide (NHS) [162]. Raman spectroscopy was used to assess the evolution of the
morphologic and electronic properties of graphene in response to the functionalization processes. All the
three spectra of Gr (as-transferred graphene), Gr/PBASE and Gr/PBASE/GOx show the typical features
of high-quality, monolayer graphene, with an I»/le ratio of 2.30, 1.47 and 1.45, respectively (Figure 15a).
In Gr/PBASE, new peaks at 1230.8 cm*,1384.5 cm* and 1621.2 cm+ appear, which can be assigned to
the pyrene-based molecule [136], [163], [164]. The latter peak is attributed to the pyrene group
resonance [165], proving that PBASE is stacked on graphene’s surface. The D peak (~1342 cm-), absent

in the Gr spectrum, is found to increase in Gr/PBASE due to the pyrene immobilization (via orbital
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hybridization of the PBASE molecules with the graphene plane) [165]. Gr/PBASE/GOx shows a slight
increase in the intensity of the D peak with respect to the previous stage. The Raman spectra of GOx as
a powder and in a water solution was measured (Appendix 1), which, to our knowledge, has not been
previously reported. This was performed with the intent of identifying any GOx-related modes in the
Gr/PBASE/GOx spectrum. The GOx spectra has two main regions of interest: 1100-1800 cm* and 2800-
3100 cm. We fitted the latter region (Appendix I), where the most intense and wide peak appears at
2932 cm-. By zooming in on the Gr/PBASE/GOx spectrum, a small and wide feature around 2950 cm™!
can be observed which could further corroborate the enzyme immobilization (no features exist in the
corresponding Gr/PBASE spectral range — Appendix I). A detailed analysis of the G and 2D peak position
and full width at half maximum (FWHM) in the three cases was performed. The distribution of the G and
2D peaks’ FWHM for each case is shown in Appendix Il. As a further aid to discriminate the emergence
of charge doping and/or mechanical strain [166], [167]. The 2D vs G frequency plot (Figure 15¢) and
corresponding linear transformation plot (Figure 15d), which inform on potential variations in mechanical
strain and charge density [168]. In this plot, higher (lower) charge density represents higher (lower) hole
doping in graphene, whereas higher (lower) mechanical strain represents tensile (compressive) stress.
The information about the FWHM of the functionalization process is shown in Appendix Il. In Gr, the
extracted values are centered at a G peak position of 1584.2 cm* (average FWHM 22 cm+) and a 2D
peak position of 2667.5 cm* (average FWHM 40 cm). Figure 15d shows a significant hole density,
indicating the presence of p-type doping, as well as the presence of compressive stress, which can be
both expected in CVD graphene transferred by PMMA wet method [168], [169]. In Gr/PBSE, G and 2D
peak position values are centered at 1586.9 cm (average FWHM 23 cm?) and 2671.6 cm* (average
FWHM 40 cm?), resulting in ~ 3 and ~ 4 cm+ blueshift, respectively. Figure 15d indicates a slight increase
in the hole density of graphene, which would further confirm the stacking of pyrene molecules on
graphene, due to its electron-withdrawing properties [164], [170], [171]. The observed minor increase of
the tensile strain might result of the interaction between the immobilized pyrene molecules and graphene.
Finally, in Gr/PBASE/GOx, G and 2D peak position values are centered at 15 .3 cm* (average FWHM 26
cm?) and 2671.7 cm (average FWHM 42 cm-), correspondingly. There is a slight redshift of the G peak
(1.3 cm?), while the 2D peak position remains unchanged. However, the FWHM: and the FWHM. increase
by 2 cm® and 3 cm*, respectively, often related to charge doping. Figure 15d shows a reduced hole

density and further increase in tensile strain, which would confirm the binding of GOx to PBASE.
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Figure 15: Detailed characterization of graphene’s functionalization process for glucose detection. (a)
Functionalization process. (b) Raman spectra of each stage involved in the immobilization of GOx molecules on
graphene: pristine graphene (Gr, black), PBASE modification (Gr/PBASE, red) and GOx immobilization
(Gr/PBASE/GOx, blue). Each spectrum is an average of 1500 measurements. (c) 2D vs G frequency plot of the
1500 measurements of Gr, Gr/PBASE and Gr/PBASE/GOx. (d) Mechanical strain (g, %) vs charge (hole) density

(n, 10 cm?) plot of 1500 measurements for each functionalization step. The plot is a linear transformation of the

2D vs G frequency plot shown in Figure 15c.

The biofunctionalization was also analyzed by XPS. The C 1s and N 1s high-resolution spectra are shown
in Figure 16a-b, respectively, while the survey spectra is reported in Appendix lll. The immobilization of
GOx on graphene was further confirmed by the significant increase in the N 1 s peak intensity, which

increased from 0.9 at.% (relative atomic concentration) in Gr to 2.2 at.% in Gr/PBASE to 7.6 at.% in
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Gr/PBASE/GOx (see Table 1). In the last two samples, the N 1 s peak is centered at approximately 400
eV, which is in close agreement with previous works on PBASE-functionalized graphene [172]. A small
feature appears at approximately 398.5 €V, likely due to the formation of pyridinic rings [173] (potentially
from side reactions involving PBASE). The C 1s fittings provide complementary information from the
evolution of C-O/C-N, C=0, and C=00/N-C=0 components (Table 2), which appear in all samples in
addition to the two typical features of CVD graphene (/.e., the main asymmetric peak at 284.5 eV and the
corresponding shake-up satellite at 290.9 eV, and the C-C sp: component). In particular, the C-O/C-N
component increases from 11.7 at.% to 18.2 at.% (from Gr to Gr/PBASE/GOx) owing to the high amount
of amine and amide functional groups in the PBASE/GOx structure. This component slightly shifts toward
lower binding energies (from 286.1 to 285.9 eV), indicating that several C—N bonds appear with respect
to C-0 bonds. Similarly, C=0 (272.2 eV) and C=00/N-C=0 components increase [174], with a shift in
the second component toward a lower binding energy (from 288.8 to 288.5 eV) due to the greater

presence of amide groups, further confirming the effective biofunctionalization of the graphene surface.
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Figure 16: (a) Deconvoluted high-resolution C 1s and (b) N 1s spectra of Gr, Gr/PBASE and Gr/PBASE/GOx.
Table 1. Relative at. % of carbon, nitrogen, and oxygen calculated from C 1's, N 1 s, and O 1 s high-resolution

peaks, respectively, for the as-transferred graphene, Gr/PBASE, and Gr/PBASE/GOx samples.

Sample C tot. N tot. 0 tot.
Gr 64.9 % 09% 34.2 %
Gr/PBASE 68.1 % 2.2% 29.7 %
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Gr/PBASE/GOx 67.1 % 7.6 % 25.3 %

Table 2. Components used to fit the C 1 s spectra of the as-transferred graphene, Gr/PBASE, and
Gr/PBASE/GOx samples. For each of them, the binding energy position in eV and the relative atomic

concentration (at. %) are reported.

Sample Cc-C p-p* Cc-C C-0/C-N Cc=0 C=00/N-
graphene graphene Cc=0

Gr 284.5;55.0 290.9;2.2 2849; 286.1;11.7 2871, 288.8;5.7
% % 19.0 % % 6.4 % %

Gr/PBASE 284.5;56.7 290.9;2.3 285.0; 285.9;146 2871, 288.9; 31
% % 18.2 % % 4.1 % %

Gr/PBASE/GOx 284.5;51.2 290.9;2.0 285.0; 285.9; 182 2872; 288.5; 77
% % 12.7 % % 8.2 % %

The described micro-fabrication of the EG-GFETs utilized in this work are described in Appendix IV. To
achieve a biosensing system based on EG-GFETSs, both the graphene FET channel and the gold (Au) gates
need to be properly functionalized. The complete EG-GFETSs functionalization method is depicted in Figure
17a and consists of three steps: 1) Au gates passivation with a thin self-assembled monolayer (SAM) of
DDT, an Au blocking agent, to prevent non-specific interaction of biological sample and restrict the
functionalization to the graphene channel; 2) the immobilization of GOx (already represented in Figure
15a; 3) ethanolamine (ETA) incubation to block any remaining active free ester groups from PBASE after
enzyme binding, further reducing potential sources of non-specific binding and detection.

Each functionalization stage is verified with electrical measurements by plotting the transfer curves (Figure
17b) and measuring the Dirac point shift (AVore) with respect to the previous functionalization step (Figure
17c). Before any functionalization stage (Gr), the sensors are measured to provide a baseline for the shifts
of the next stage. Shifts from the baseline transfer curve measurements indicate that charge carrier
redistribution in the graphene channel is due to electrostatic potential changes from surface modification.
Initially, the Vore value is located at positive gate voltage values (+0.45 V), indicating unintentional p-type
doping (Stage 0). Adding DDT to the sensors (Stage 1) causes the Vore to shift by ~-310 mV owing to the
formation of a self-assembled monolayer covering the gold electrode, creating an excess of positive
charges in the solution from the dipole moment reorientation of the alkanethiols [32]. Graphene doping

level is not altered, as confirmed by Raman spectroscopy G vs 2D frequency plot and respective linear
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transformation (Appendix V). The functionalization of graphene is then achieved with PBASE (Stage 2).
We observe only a slight shift of approximately +30 mV, indicating additional graphene p-type doping
upon T—Tt stacking [175]. This small variation of the Vore can be explained by a doping competition
between pyrene molecules and the solvent used to dilute them. Dimethyl solvents (e.g., DMF, DMSO)
have been reported to n-dope graphene [175],[176]. This was further proved by Raman spectroscopy,
which shows that G and 2D peak blueshift (Appendix V) after incubation with bare DMSO (corresponding
to a decrease in hole density; Appendix V). Additionally, at the PBASE functionalization stage, both the
electron and hole branches of the transfer curve become slightly less steep, indicating a small decrease
in the mobility of both types of carriers. The NHS ester group of PBASE remains free to form a covalent
bond with the biorecognition probe. GOx is immobilized on graphene (Stage 3) by binding to the free ester
group of PBASE. The immobilization of the enzyme results in a Vore shift of -30 mV, in agreement with the

Raman shift indicating n-type doping. Finally, ETA (Stage 4) causes the Vore to shift by -5 mV.
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Figure 17: Functionalization and characterization of electrolyte-gated graphene field-effect transistors (EG-GFETSs)

for glucose detection. (a) Schematic of an EG-GFET and the total functionalization process involved in graphene
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modification for glucose sensing: 1) DDT - Au gate passivation. 2) PBASE - non-covalent modification with pyrene
linkers + GOx - immobilization of the biorecognition element, GOx. 3) ETA - blocking of unreacted sites of PBASE.
(b) Transfer curves of one EG-GFET measured after each functionalization stage and (c) their respective average

value of the Vure for 50 transistors (data is represented in mean + standard error mean (sem)).

4.2 Analysis of the glucose sensing mechanism

Once fully functionalized (Gr/PBASE/GOx/ETA), the EG-GFET devices were tested for glucose sensing
(Figure 18a). A first Vore shift of +26 £ 4 mV occurs at 1 aM and then the values continue to increase
with the glucose concentration for six orders of magnitude, with a sensitivity of 10.6 mV/decade. The
trend reaches a plateau at 1 pM (AVore ~ 100 mV), which remain rather constant up to 1 mM (Appendix
VI, red circles). The corresponding transfer curves are reported in Figure 18b. These results demonstrate
a marked p-type doping effect due to increasing glucose concentration in fully functionalized devices. For
a more comprehensive analysis, we have also tested partially functionalized devices to understand the
sensing mechanism. The Gr and Gr/PBASE devices behave very differently in the same glucose
concentration range (Figure 18a). The first, apparent difference is that the Vorec Shifts are negative in both
cases, demonstrating n-type doping. Also, no clear trend is visible for concentrations < 10 fM. At higher
concentrations, the values tend to stabilize or change marginally (Appendix VI). Both these results are
different from what was previously obtained, as the clear n-type doping was not obtained and instead
unpredictability was seen throughout the concentrations. Simulations via density functional theory method
demonstrated that glucose can absorb on pristine graphene, inducing electron transfer and n-type doping
[177]. However, in the case of Gr/PBASE, the doping effect becomes weaker since the PBASE layer can
interfere with the electron transfer. The Gr/PBASE/GOx/ETA devices were analyzed by Raman
spectroscopy in the 1 nM-1 mM glucose concentration range (Figure 18c). The 2D and G peak positions
upshift significantly at 1 nM and then increase marginally at higher concentrations. At 1 mM, the two
peaks upshift by +6.6 + 0.5 cm* and +8.6 + 0.5 cm* (with respect to the pristine case at 0 M),
respectively. We evaluated the corresponding contributions of both mechanical strain and hole doping
(Appendix VII), which further confirmed the p-type doping effect of glucose on the fully functionalized

device.
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Figure 18: Glucose sensing via EG-GFETs and Raman spectroscopy in 1x PBS. (a) Comparison of the AVowc as a
function of glucose concentration for Gr, Gr/PBASE and Gr/PBASE/GOx/ETA. In the latter, Vore positively shifts
as the glucose concentration increases, resulting in p-type doping with the lowest reported glucose LOD of 1 aM.
The negative control tests show the opposite response. The data are presented as mean + sem. (b) Transfer curve
trend of one transistor for the different glucose concentrations in the linear range (1 aM-1 pM). (c) 2D vs G frequency
plot of Gr/PBASE/GOx/ETA with varying glucose concentration (1 nM-1 mM). For each concentration, a distribution
of the peaks position within 300 measurements (over a total area of 300 um?) is displayed with the corresponding

average point. ‘The surface was treated with DDT to passivate the Au electrodes.

Building on the experimental findings, we propose an interpretation of the underlying sensing mechanism.
In solution, GOx catalyzes the oxidation of glucose and yields two byproducts: gluconic acid and H.O..
This two-step catalysis involves the transfer of electrons from glucose to the enzyme's prosthetic group,
typically a flavin adenine dinucleotide (FAD) cofactor. FAD oxidizes glucose into gluconolactone and gets

reduced to FADH: (Equation 1). Gluconolactone is hydrolyzed in the presence of water to form gluconic
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acid (Equation 2). The FAD subunit is regenerated from FADH.through the reduction of O. to H.O.
(Equation 3). Upon regeneration, FAD continues to oxidize glucose, resulting in cyclic interactions for

continuous H-0. and gluconic acid production.

GOx (FAD) + glucose — GOx (FADH.) + gluconolactone (1)
gluconolactone + H.O — gluconic acid (2)
GOx (FADH.) + 0. = GOx (FAD) + H:0. (3)

Considering these chemical reactions, we propose that the p-type doping occurring in the devices could
stem from the interaction between H.0. and the functionalized graphene. In similar sensing systems, H.0.
typically undergoes a voltage-driven decomposition, which releases molecular oxygen, protons and free

electrons [162], [178], [179]:

H:0: > 0. + 2H" + 2e (4)

In principle, free electrons should transfer to graphene (especially at defect sites, like vacancies) and
induce n-type doping [180]. We tested this hypothesis by exposing the Gr and Gr/PBASE/GOx/ETA

devices to increasing H.0. concentrations Figure 19a.
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Figure 19: H.0. measurements on EG-GFETs. (a) 1 uM-1mM H:O:. influence on Vore of bare graphene surfaces (only
DDT passivation). The sensor shows n-type doping. (b) 1 mM H.0. measured on Gr/PBASE/Gox/ETA, showing p-
type doping. On the same sensor, after washing with 1 x PBS (Glu 0 M), glucose (Glu nM-Glu mM) was measured,

with no variation of the Vume With increasing concentrations. The same concentration of H.O. (1 mM) exhibited
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opposite behaviour for Gr and Gr/PBASE/GOx/ETA, confirming that glucose detection is based on the detection of
HZOZ.

The Gr devices do indeed exhibit consistent negative AVore shifts at increasing concentrations when H:0.
is added (up to -100 mV at 1 mM, Figure 19a). By contrast, the Gr/PBASE/GOx/ETA devices show
positive Vore Shifts, up to +80 + 4 mV at 1 mM, indicating strong p-type doping (Figure 19b). This could
be explained by two reasons: i) the pyrene monolayer with bound enzymes can shield the graphene and
mitigate the direct electron transfer; ii) in proximity of graphene, H.0. might decompose into hydroxide
(OH) ions [178], [181]. In slightly basic conditions (the PBS solution has pH = 7.4), the OH- concentration
can further increase and upshift the Voree by an accumulation of positive counter-ions from the electrolyte
[182], [183]. We evaluated the response to glucose of the Gr/PBASE/GOx/ETA devices after direct
exposure to H:0. (see Section 4.4). As shown in Figure 19b, after washing away the H.0.and cleaning
the sensor’s surface in PBS (corresponding to “Glu O M”), the device does not respond to glucose in the
1 nM-1 mM concentration range. This can be explained by an inhibitory effect of high concentration of
H:0. on the catalytic activity of GOx [184], which in turn would also clarify the plateau in the response to

glucose of the regular EG-GFET devices after 1 pM (Figure 19a).

4.3 Investigation of the sensor selectivity

To assess the selectivity of the sensors, we tested their response to lactate (a compound produced by
glycolysis[185]) and ascorbic acid in the same concentration range of glucose (Appendix VIII). Figure 20a
compares the response of the sensors to glucose, lactate and ascorbic acid. Differently from the linear
AVore trend for glucose, the response to lactate and ascorbic acid exhibited a minor and random trend
due to non-specific interactions or noise. To further confirm the selectivity and capacity of the sensors to
detect glucose in different mediums and with different analytes, ascorbic acid and lactate were now mixed
with glucose in a ratio of 1:1:1. Figure 20b shows a linear trend (3.9 mV/decade) and an LOD 1 aM. The
sensors showed p-type doping with increasing concentrations of the analytes. The lower overall response
and sensibility can be justified by the increasing concentrations of the interferents with increasing

concentrations of glucose, which could be blocking potential reaction sites.
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Figure 20: Selectivity of the EG-GFETs with Gr/PBASE/GOx/ETA configuration. (a) Comparison of the sensors’
response to glucose and lactate in 1 x PBS, showing linear and erratic trends, respectively. (b) Calibration curve of
the AVore as a function of glucose, ascorbic acid and lactate concentrations in 1 x PBS, in a ratio of 1:1:1,

showcasing the sensitivity and selectivity of the sensors in a complex medium.

The selectivity for glucose was further evaluated in a simulated biological fluid (/e., an undiluted
commercial artificial tear), to test the potential clinical application of the sensors. As shown in Figure 21,
the AVore shifts exhibit a clear and consistent response across the tested concentration range, with a
linear trend (4.9 mV/decade) and a remarkable LOD of 100 aM. The sensors exhibit p-type doping with
increasing concentrations of glucose for six orders of magnitude (until saturating at 0.1 nM, with a AVore
~ 45 mV). The reduction in sensitivity might be explained by the composition of the artificial tear, which
contains several analytes (electrolytes, buffers, acids) at high concentration that can hinder the direct

interaction between glucose and GOx.
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Figure 21: Selectivity of the EG-GFETs with Gr/PBASE/GOx/ETA configuration. Calibration curve of the AVorc as a
function of glucose concentrations in an artificial tear, showcasing the sensitivity and selectivity of the sensors in a

complex medium.

Our sensors reached the aM level, which is 14 orders of magnitude lower than the lowest reported for
configurations based on Gr/PBASE/GOx [186], [187]. Such LOD level is also at least three orders of
magnitude lower than that ever reported for the best-performing glucose sensors (fM level) [188]. Devices
enabling aM-level detection of glucose could pave the way for next-generation non-invasive glucose
monitoring. Several sensing strategies have been developed to achieve high sensitivity and low LOD for
glucose sensing (Table 3). These glucose sensors are generally categorized into two types: non-enzymatic
and enzymatic. Non-enzymatic sensors can leverage the catalytic activity of different electrode systems,
having achieved LODs up to the nM range [189], [190], [191]. Fiber-based sensors pushed beyond this
limit and reached LOD in the pM-fM range by using tilted fiber Bragg grating combined with surface
plasmonic resonance [188], [192], [193]. Enzymatic sensors, particularly those using GOx, can reach
top-level sensitivity and selectivity by perfecting the enzyme immobilization through functional materials,
such as Nafion, liquid crystals, nanowires, nanorods and graphene derivatives [105], [107], [186], [187],
[194], [195], [196], [197], [198], [199], [200], [201], [202], [203]. These systems have achieved LODs

in the nM-pM level. Our sensors reached the aM level, which is 14 orders of magnitude lower than the
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lowest reported for configurations based on Gr/PBASE/GOx [186], [187]. Such LOD level is also at least
three orders of magnitude lower than that ever reported for the best-performing glucose sensors (fM level)
[188]. Devices enabling aM-level detection of glucose could pave the way for next-generation non-invasive

glucose monitoring.

Table 3. State-of-the-art glucose sensing, considering their sensing system, detection method, LOD, linear range,

sensitivity and selectivity.

Type Sensing  Detection LOD Linear Sensitivity Select Ref
system method range ivity
Non- Cu-Gr- CVand 796 nM 0.1 uM- 1142 pA Yes  [189]
Enzymatic COOH-Au  chronoamp 5.48 mM mM cm-
electrode erometry
CuO-NiO- AM 1 nM 3M0.51  3165.53A Yes  [190]
MFs/FTO mM mM- cm?
Gr/Cu AM 0.5uM 0.5 pMm- NR Yes  [191]
Electrode 4.5mM
TFBG-SPR- SPR 295pM  1nM-10 NR Yes  [192]
AuNPs- mM
PMBA
TFBG/GO/ SPR 1 fM 1fM-10 NR NR  [188]
PBA pM

Enzymatic PET/CNTs/ Accumulati 47 + 4nM-5 0.33+0.04 NR [194]

GOx on mode 1.4 nM uM nC/nM
and AM
TFBG/GO/ SPR 1 mM 0 mM- 0.24 nm/m Yes [195]
EDC- 8 mM M
NHS/GOx
CNT AM 0.08  0.08 mM- NR Yes  [196]
NEEs/GOx mM 30 mM
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Silk/Gr/Silk TC 0.ImM 0.1mM- 2.5pA/mM Yes  [105]
-GOx 10 mM
GCE-RGO- CVandAM 0.1mM 0.1mM- 185puAmM  Yes [197]
GOx 27 mM rcme?
Gr/CNT/Zn Ccv 4.5 10 puM- 5.362 NR  [198]
0/GOx +0.08pu  65mM  (+0.072) pA
M mM- cm-
AuNWs/GO Ccv 3uM 10 pM- 7.2 Yes  [199]
X 100mM  mAmM:cm
ZNA/GOx Field 1 nM 1 nM-50 NR NR  [200]
emission UM
PB-modified AM 1 uM 1 uM-5 NR NR  [201]
GCE/Nafion mM
/GOx
PET/Gr/PB TC 3.3mM 3.3 mM- NR NR  [186]
ASE/GOx 10.9 mM
Gr/PBASE/ TC 0.1 mM NR NR NR  [187]
GOx
Nafion/Pt- AM 1 uM 1 uM-20 61.5+0.6 NR  [202]
xGnP/GOx mM HA mM+ cm2
Gr/PtNPs/ TC 0.5uM 0.5 pMm-1 173 Yes  [107]
Nafion/GOx mM mV/decade
-CHIT
Uv- Optical 1 pM 1 pM-50 NR Yes [203]
5CB/Au- Response nM
grid/GOx
Gr/PBASE/ TC 1aM 1aM-1 10.6 Yes This
GOx/ETA pM mV/decade work
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CV - Cyclic voltammelry; SPR - surface plasmonic resonance, AM - amperometry; TC -
transconductance, TFBG - tilted fiber Bragg grating: GO — graphene oxide; PBA — pyrene-1-boric acid;
AulNPs - gold nanoparticles;, PMBA — p-mercaptophenylboronic acid; PB - Prussian blue;, MFs -
microfibers; FTO — fluorine tin oxide; GCE — glass carbon electrode;, PET — polyethylene terephthalate;
ZINA - Zn0O nanorod arrays, EDC - I-ethyl-3-(3-dimethylaminopropyl) carbodiimide; AuNWs - gold
nanowires, CNT — carbon nanotubes, xGnP — exfoliated graphite nanoplatelets; UV-5CB - UV-treated 4-
cyano-4'-pentylbiphenyl; NEEs — nanoelectrode ensembles; NR - not reported.

4.4 Conclusion

The comprehensive characterization of the functionalization steps of the graphene channel using Raman
spectroscopy and X-ray photoelectron spectroscopy confirmed the correct immobilization of glucose
oxidase. This allowed us to better understand the changes made on graphene at each step. Furthermore,
the Vore monitoring through these steps, including the addition of DDT required to passivate the gold
electrodes, and ethanolamine to block the unreacted PBASE sites, confirmed the successful
functionalization of the transistor. The analysis of the glucose sensing mechanism in the EG-GFETs
highlighted distinct behaviors across fully and partially functionalized devices. The fully functionalized
Gr/PBASE/GOx/ETA devices demonstrated a strong p-type doping effect, with a sensitivity of 10.6
mV/decade and a detection limit as low as 1 aM. The p-type doping effect originates from the increase
concentration OH- which results in the accumulation of positive counter ions from the electrolyte. This
marked p-type doping was further confirmed by Raman spectroscopy, which showed significant upshifts
in the 2D and G peak positions; with increasing glucose concentrations, indicating hole doping. In
contrast, partially functionalized devices, such as Gr and Gr/PBASE, displayed negative Vore shifts,
indicative of n-type doping. This discrepancy can be explained by the electron transfer effect that glucose
has on the bare graphene surface, while the reduced response from the Gr/PBASE devices suggests that
PBASE acts like a “shielding” layer and weakens this effect. The experimental results showed that H:0:
causes a negative shift on bare Gr likely due to electron transfer effect and a positive shift on fully
functionalized transistors. Moreover, the sensor's response to glucose was found to be hindered after
high concentrations of H.O:, possibly due to the inhibitory effect on GOx's catalytic activity, thus explaining
the plateau observed in glucose detection at concentrations above 1 pM. Finally, experimental tests were

conducted to test the selectivity of the sensor for glucose against interfering analytes. An ultra-low limit of
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detection of 1 aM with a sensitivity of 3.9 mV/decade was achieved, when sensing in the presence of
lactate and ascorbic acid. Glucose detection on an artificial tear resulted in a limit of detection of 100 aM

with a sensitivity of 4.9 mV/decade.
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5. TOWARDS GLUCOSE SENSING IN GRAPHENE-BASED CONTACT

LENSES

In this chapter, we explore the various challenges that needed to be solved to transfer CVD graphene to
contact lenses. After an optimization phase, we designed a novel approach to facilitate and scale up the
transfer process, thus achieving a higher throughput. Following this optimization, we developed a protocol
to functionalize the graphene coating for glucose sensing. To assess the effectiveness of this protocol, we
employed multiple characterization techniques including Raman spectroscopy, water contact angle

measurements, and ultraviolet-visible spectroscopy.

5.1 Graphene integration in contact lenses

CVD graphene has been extensively explored in the biosensing field due to its biocompatibility and cost-
effectiveness. In contact lens technology, its optical transparency provides additional benefits. While a
method for transferring graphene onto lenses has been established, it is always essential to verify its
quality after fabricating graphene-coated contact lenses. The current transfer method still presents
challenges that could lead to damage, requiring careful assessment. Typically, OM is used for a quick
evaluation of the graphene's quality, ensuring that no cracks or damage have occurred during the transfer
process (Figure 22a-b). As this technique doesn't provide high resolution, it is often challenging to visualize
finer details of the graphene's structure. To achieve higher resolution imaging, SEM was employed to
characterize the lens. Since they are naturally curved, a method was developed to flatten them without
compromising their properties and ensuring accurate imaging. The lenses were placed on top of a glass
coverslip and carefully cut into four different zones to maximize the surface area and facilitate flattening
(Appendix IX). To visualize the impact of graphene, characterization was initially performed on a bare lens
(Figures 22c-d), revealing the material's morphology. In contrast, Figures 22e-f show the graphene-coated
lens, where notable differences are observed. The addition of graphene results in a darker color, with
visible nucleation sites (darker spots) and clear continuity in the graphene film. This imaging confirmed
that the graphene coat remained intact despite the flattening method. The white particles observed are
likely residues from the transfer process or dust particles that may have contaminated the sample during

handling.
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Figure 22: (a-b) OM imaging of a bare and a graphene-coated CL, respectively. (c-d) SEM imaging of bare CLs with

469x and 1000x magnification, respectively. (e-f) SEM imaging of graphene-coated CLs with 500x and 1000x

magnification, respectively.

Raman spectroscopy is also an important tool to characterize the graphene-coated lenses as it provides
valuable information about the quality and number of layers of the graphene. During these
measurements, it is important to consider the influence of the template used to support the lens, as it
may impact the final spectrum. To avoid misinterpretation, it is essential to identify the features of both

the template and the lenses. When the CL is characterized with the template in place (Figure 23b), most
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of the template peaks disappear. This suggests that the template does not interfere with the Raman
spectrum of the lens. Although small bumps are present throughout the spectrum, these will not be
considered as they have very low intensities and only the most prominent ones will (1452 cm+, 2906 cm
tand 2963 cm-).
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Figure 23: Raman Spectrum of (a) the template utilized as support and (b) a bare CL.

Figure 24a shows an optical image of the graphene-coated lens. It is possible to see nucleation sites
(brighter spots) of the graphene which, as expected, gives multi-layered signal (Figure 24b). Figure 24b
shows that the graphene is of high quality, due to the high ratio between the 2D and G peak, with very
few defects given by the low intensity of the 1350 cm. The 2D peak and G peak of the graphene are
highlighted with yellow and blue strips, respectively. It is also evident the contribution of the lenses to the

spectrum with a small peak around 1450 cm and two peaks around 2907 cm* and 2964 cm-.
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Figure 24: Graphene coated CL. (a) Optical Image (b) Raman Spectrums corresponding to the crosses marked on

(a).

1200

47



In the previous work, the durability of the graphene was evaluated where the lens was stored for 6 months,
during which the graphene film remained intact, but another important detail to check is how this solution
where the CL was stored might affect other characteristics of the graphene film. Figure 25a shows the
2D vs G plot of the as-transferred graphene-coated CL, alongside a second measurement taken after it
being stored solution for one day. When analyzing the linear transformation plot, a shift in the charge
density from 23.3 (102cm?) to 18.1 (10:2cm?) is noticeable (Figure 25b). The shift indicates that the
solution may have played a role in removing some of the impurities or residues, leading to a reduction in

the charge density.
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Figure 25: (a) 2D vs G frequency plot of the 500 measurements of graphene-coated CL before and after being
stored in CL solution for 1 day. (The before and after corresponding to the purple and dark cyan, respectively). (b)
Mechanical strain (g, %) vs charge (hole) density (n, 102 cm?) plot of the measurements done in (a). The plot is a

linear transformation of the 2D vs G frequency plot shown in Figure 25a.

Wet transfer upscale

One of the main challenges with the current method for transferring graphene is the size of the
graphene/Cu foil, which needs to be cut into approximately 2x2 cm squares to match the diameter of
the lens. If the foil is cut too large, the graphene may break during the scooping process due to the stress
applied to the top of the CL when lifting the film in the final wet transfer step. Another challenge lies in
the extreme precision required during the scooping process to ensure complete coverage of the entire CL
surface. Any areas left uncovered would lead to damage when removing the PMMA in acetone. Figure 26
illustrates this problem with three graphene-coated lenses placed in an acetone bath to remove the

PMMA. Upon removal from the bath, it becomes evident which lenses were not fully covered with
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graphene (indicated by the blue arrow). This lack of coverage may be due to either imprecision during
the scooping step or cracks introduced during the transfer process. On the other hand, CLs with complete

graphene coverage (indicated by the red arrows) were effectively protected from acetone.

Figure 26: Three different lenses after polymer removal, where the one indicated with the blue arrow was not fully

covered with graphene and the two indicated by the red arrow were fully covered.

To address these challenges, a new template was designed. Figure 27a shows the template, which
includes four semi-spherical structures, designed in AutoCAD and 3D-printed in grey resin. This new
holder features spikes surrounding each semi-spherical structure to help shape and cut the PMMA/Gr
film. The inset in Figure 27a shows the template with four CLs after the graphene scooping process. The
spikes assist in shaping the graphene into a spherical form, preventing the film from rupturing due to the
strain that would otherwise occur from excess graphene. During the scooping process, the spikes
generate friction on the PMMA/Gr film, slowing its descent and ensuring a softer contact between the
film and the CL, which helps to avoid damage. Figure 27b shows a map of one zone in one of the CLs
transferred, demonstrating the continuity and preservation of the graphene's characteristics using this
new method. Figure 27c presents the average spectra of Raman maps showing averages from 10

different zones across the four CLs. With the introduction of this new template, the transfer process has
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become more efficient. The size of the graphene/copper (Gr/Cu) foil is no longer a limiting factor.

Moreover, the precision required to achieve a perfect transfer has been significantly reduced.
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Figure 27: (a) 3D-printed template designed to optimize the transfer process (inset: graphene-coated CLs after

transfer). (b) Optical image of the graphene (c) Average Raman Spectrum of 10 maps taken on the four different

graphene-coated CLs.

Conductivity measurements

To further assess the quality and continuity of the graphene film after it was transferred to the lens,

conductivity measurements would be ideal. Although tungsten needles were previously used for this
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purpose, they were unsuccessful as they directly contacted the graphene, damaging it and resulting in
unreliable measurements. To address this, an alternative approach was adopted, inspired by a published
study [132], where silver paste was used as electrodes (Figure 28). Contrary to their results, no reliable
measurements could be obtained as the silver paste proved to be toxic to the graphene-coated lens, as it

pierced through the graphene, decomposed the CL material beneath it, and even affected the template.

Figure 28: Graphene-coated CL with four electrodes made of silver paste.

A different approach was then attempted, where gold (Au) was deposited onto the graphene using
sputtering before the wet transfer process. To shape the electrodes, a shadow mask was placed on top
of the graphene/copper (Gr/Cu) foil, thereby avoiding the use of polymers and patterning technigues that
could complicate the process and introduce contaminants. Kapton tape was used to cover half of the
mask as electrodes with different thicknesses were to be tested, 10nm and 30nm, because it was
uncertain how this parameter would affect the graphene when transferring it (Figure 52a-b, Appendix X).
Figure 52c¢ (Appendix X) shows the Au electrodes after sputtering and the PMMA/Au electrode/Gr/CL
right after scooping. No visible cracks were observed during the scooping step. After finishing the transfer
process, conductivity measurements were done. Figure 52d-e (Appendix X) shows the setup utilized for
these measurements using tungsten needles. Despite the presence of Au electrodes, which facilitate
needle contact and prevent damage, the measured resistance was extremely high, in the order of MQ.

OM and Raman Spectroscopy were used to analyze the quality of the graphene near the Au electrodes.
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Figure 53a (Appendix XI) shows an optical image of the 10nm deposited Au electrode/graphene-graphene
interface, where clear discontinuity is visible. The 30nm Au electrodes also caused the same
discontinuities on the interface with measurements showing that the graphene got damaged (Figure 53b-
¢ Appendix XI). Figure 53d (Appendix Xl) displays the graphene between the four electrodes, confirming
that the graphene only cracked at the interface with the Au electrodes. This result is attributed to the
strain induced by the electrodes during the wet transfer process. Unlike graphene, Au is not flexible which
causes the graphene underneath to tear when transferred into the curve surface. To further confirm that
the cracks and discontinuities were caused by the tension during the transfer, a transfer was conducted
to flattened lens. The conductivity test showed a resistance between 5kQ and 12kQ. Figure 29 shows
the setup for the measurement. This method enabled us to assess the conductivity of graphene on top

of the CL, though replicating these measurements without flattening the CL remains a challenge.

Figure 29: Setup for the measurement of the graphene conductivity with Au electrodes on top of a flattened CL.

Transmission and permeability measurement

The effect of the graphene film on the lenses was addressed as it is important to understand what changes
could be caused to its intrinsic properties, such as its light transmission and permeability. It is known that
single-layer graphene has an absorbance of about 2.3% of light in the visible wavelength range [51]. To
test how our graphene affected the transmittance when transferred to CLs, UV-vis was utilized. For these

measurements a bare and a graphene-coated CL were flattened on a glass coverslip. Figure 30a presents
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the transmittance of both samples in the visible range, while Figure 30b highlights the difference between
their spectra. In the 700 nm to 500 nm range, a transmittance difference of approximately 3% is observed,
whereas in the 500 nm to 380 nm range, a decrease in transmittance is noted. This result further suggest

that the integration of graphene into lenses will not affect clear vision during use.
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Figure 30: (a) Comparison of the optical transmittance between a graphene-coated CL and a bare CL and (b)

Difference in percentage between both.

The permeability test was conducted, similar to the one done on a previous study [132], as it shown that
graphene-coated CLs could have benefits for people with dry eye syndrome. In their study, two different
vials with DI water were covered with bare and a graphene-coated CL, respectively. To prevent any
leakages, adhesive tape was used to seal the vials. In a similar manner, silicone elastomer (Dowsil 3140
RTV) was spread on the border of each vial, as the adhesive tape was proved to not be effective, leaving
opened zones as the CL dried. For the experiment, the two vials were placed on top of a hot plate at 38°,
as shown in Figure 31a. Figure 31b shows the weight of each vial before and a duration of 7 days,
indicating a clear trend but with no significant difference. The total weight loss for the vial sealed with a
bare and graphene-coated CL were 0.6814 and 0.6718, respectively. The difference between both is not

significant, suggesting that graphene does not negatively affect the permeability of the lens.
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Figure 31: (a) Setup for the dehydration experiment. (b) Comparison of the weight loss between the vials sealed

with a bare and a graphene-coated CL.

5.2 Graphene functionalization for glucose sensing

A key focus of this thesis was the development of a protocol to immobilize the enzyme on graphene-
coated lenses, step toward the future integration of biosensing capabilities into contact lenses. Since
contact lenses are typically made of silicon hydrogels, they are particularly sensitive to certain solvents.
The conventional functionalization method often requires strong solvents, which could potentially damage
the lens material. To address this challenge, various incubation methods were tested with different
solvents. Initial functionalization attempts were performed using a small vial (Figure 32a), while later
attempts were carried out using a CL container (Figure 32b). The incubation process was initially tested
with DMF, a solvent commonly used for PBASE, but it was unsuccessful due to its high toxicity. DMSO
was then considered as a substitute, but it also led to significant issues, such as the lens collapsing
inwards when immersed in a PBASE solution (1 mM in DMSQ). Additionally, a problem arose with the

vial's walls causing the CLs to adhere to them, which may cause further damage to the graphene film.
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Figure 32: (a) Vial and (b) CL container utilized for functionalization.

Although the lens collapsed and became damaged, it was able to regain its original form after being
placed in the saline solution used for storage. Figure 33 shows the graphene-coated CL after being
incubated for 4 and 24 hours in the PBSE solution. These incubation times were selected because, unlike
the conventional method of placing the solution directly on the graphene, in this experiment, the graphene-
coated lens had to float on the solution. This alteration in the incubation approach raised concerns about
whether it would result in poor interaction between the linker and the graphene, as this method had never
been attempted before. Despite the lens being recoverable, as expected, the continuity of the graphene
film was largely compromised during incubation. This process led to visible discontinuities and cracks in

the graphene, with some areas of the film completely detached from the CL.

R
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Figure 33: Microscopic images of the graphene after PBASE incubation.
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Nevertheless, Raman spectroscopy was performed on the graphene patches on the CLs to assess the
success of the functionalization process. Figure 34a-b presents the characterization of the PBASE using
varying laser powers, up to 16 mW, for the two different incubation times, 4 and 24 hours respectively.
After analyzing the data, it was clear that despite using high laser power, it was not possible to determine
if the CL had been successfully functionalized with the linker, as its characteristic peaks did not appear.
The high laser intensities used led to graphene damage, and to prevent any further burning effects in
future characterizations, a control test was conducted. In this test, a CL was used to identify the maximum
power the material could withstand. Multiple laser powers were tested, and it became evident that the

burning effect appeared at laser intensities around 10 mW.
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Figure 34: Raman Spectrum at different laser powers after (a) 4h incubation and (b) 1 day.

Although the signature PBASE peaks were not observed, it was hypothesized that the peaks from the CL
itself might be interfering with the signal, as they contributed significantly to the spectrum. To further
investigate, the incubation with GOx was carried out to detect any changes in the Raman spectra. After
the 4-hour PBASE incubation, the CL was left to incubate in a 2 mL GOx solution for 24 hours. Figure
35a displays a microscopic image of the graphene on the CL surface, which, as anticipated, shows visible
damage to the CL material. Figure 35b shows a small peak around 1231 cm+, which corresponds to the
PBASE functionalization, suggesting that the linker coverage on the graphene was not uniform likely due
to the damage caused during the functionalization process. Additionally, it became necessary to consider
potential interactions between the container material and the solution, which could hinder proper

functionalization. In conclusion, maintaining the continuity and quality of the graphene film is pivotal, and
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further efforts must be made to eliminate any interactions between the PBASE solution and secondary

materials.
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Figure 35: (a) Optical image of the graphene after GOx incubation and (b) Raman Spectrum.

5.2.1 Optimization procedure

To address the aforementioned issues, a new template similar to the one shown in Figure 26 was
designed in AutoCAD and 3D printed in grey resin, specifically intended for integration with a vial (Figure
36a-b). It has the same radius as the lens ensuring full contact with the inner surface while leaving the
graphene-coated side exposed. Additionally, it prevents possible unknown interactions with unwanted
materials that may have occurred with the previous method and reduces the amount of solution needed
to fully submerge the lens. To use this template, the graphene-coated lens is first placed on the semi-
spheric part of the template (Figure 36c¢). Next, the required amount of solution (2 ml) is poured on the
vial and the template with the lens is placed on top, acting as a lid (Figure 36d). Finally, the vial is gently

flipped to ensure that the solution submerges the CL completely (Figure 36e).
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Figure 36: Template design for the functionalization of graphene on the CL surface (a) without the vial and (b) with

the vial. The process for the functionalization is depicted from (c) to (e).

As the solvent was previously shown to be highly reactive, a dilution of DMSO with DI water was tested.
The first experiment aimed to determine the optimal ratio between DMSO and DI water to prevent damage
to the CLs and the graphene. Two different ratios, 3:1 and 1:1, were tested with a 2-hour incubation time.
Neither dilution caused visible damage to the graphene or the CL. A problem arose when attempting to
dilute the PBASE solution (in DMSQ) with DI water: a white foam-like layer formed on the surface of the
solution. This indicated that diluting PBASE in DMSO with water would lead to a reaction, potentially
hindering proper immobilization. As a result, a control test was conducted where DMSO was applied
directly to the CL. This also served to assess whether DMSO could induce any defects in the graphene
during functionalization with PBASE. The CL was submerged in a DMSO solution for 2 hours, the standard
incubation time for PBASE. Figures 37a-b show the graphene-coated CL before being submerged in
DMSO, and Figures 37c¢-d show the same CL after the 2-hour incubation. By analyzing the optical images
and Raman spectroscopy, it was concluded that, with the help of the template, the continuity and quality

of the graphene were maintained. The template ensured that the inner side of the CL was in full contact
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with the support, while the graphene on the outer side acted as a shielding layer against the solvent,

preventing any damage to the material.
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Figure 37: (a) Optical image of graphene-coated CL before being submerged in DMSO, with (b) its corresponding
Raman spectra. (c) Optical image of graphene-coated CL after being submerged in DMSO, with (d) its corresponding

Raman spectra.

The next step was to use the PBASE solution, but the same white foam appeared when it came into
contact with the lens, likely due to the saline solution present on the surface. To address this issue, the
lens was placed in the template and left to dry at room temperature for 1 hour to ensure that all the saline
solution was removed before proceeding. After incubating for 2 hours on PBASE solution (10 mM in
DMSO), the lens was first cleaned with DMSO followed by DI water. The cleaning was done with the lens
still on the template and gently drop casting the liquids. Appendix XII displays two panels with Raman
spectra taken from three random positions on the graphene-coated CL before and after functionalization.
Notably, the appearance of a peak around 1234 cm* and the characteristic defect peaks were observed,
both of which are associated with the PBASE immabilization. After successfully immobilizing the linker, a
solution of glucose oxidase (20 mg in 2 ml of DI water) was used to immobilize the enzyme. From the

previous chapter the Raman peaks of GOx were already known, and a challenge arises when analyzing
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the functionalization as the peaks from the GOx and the CL overlap, making it difficult to conclusively
determine successful immobilization. Additionally, since graphene is on a curved surface, comparing the
shifts in the 2D and G peaks across just a few spectra could be misleading. The shifts may not only be
due to functionalization but also could result from the mechanical strain induced by the curvature of the
lens in different positions. Similarly to the method used for the characterization of graphene on a flat
surface in the previous chapter, Raman maps were done, to distinguish the shift caused by mechanical
strain and charge doping. Figure 38a shows an optical image of one of the areas selected for a Raman
map (10 um x 10 um). Despite the curved surface of the lens, it was possible to obtain small maps
without losing focus. For regions farther from the top, smaller maps were taken to avoid losing focus due
to the lens curvature. Figure 38b shows the average of all Raman spectrums taken in the functionalization
process. All the three spectra of Gr (as transferred), Gr/PBASE and Gr/PBASE/GOx show the typical
features of high-quality, monolayer graphene, with a lo/le ratio of 5.28, 1.78 and 1.78, respectively. For
comparison, graphene was also transferred onto a Si/SiO2 substrate to conduct a parallel
characterization, ensuring that any potential misinterpretation of the results could be avoided. The FWHM
of the 2D peak slightly decreases from 30.61 cm* in Gr to 29.73 cm in Gr/PBASE/GOx. On the other
hand, an increase is observable on the G peak, going from 16.18 cmt for Gr to 19.26 cm:
Gr/PBASE/GOx, similarly to the behavior of the graphene on the flat substrate (Appendix XIII). Figure 38c
shows the plot of the 2D vs G peak positions of pristine graphene on both the lens and Si/SiO2 substrate.
It is noticeable that the shifts caused by each functionalization step display the same trend. Specifically,
a blueshift is observed on the G and 2D peak in the PBASE step, indicating an increase in charge density
as shown in Figure 38d, which further confirms that the pyrene molecules stacked on top of the graphene.
A small redshift of the graphene peaks is observed when immobilizing GOx, indicating a decrease in
charge density. These changes in the 2D and G peak positions confirm the successful binding of GOx to
PBASE. A continuous increase in mechanical strain through the steps might be due to the interaction of
the molecules with the graphene. The average values of each peak position and the peak shift caused by
each step of the functionalization are shown in Appendix XIV, as well as the charge density and mechanical

strain values.
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Figure 38: (a) Microscope Image of the graphene-coated lens and highlighted area of a map taken. (b) Raman
spectra of each stage involved the immobilization of GOx molecules on graphene: pristine graphene (Gr, orange),
PBASE modification (Gr/PBASE, violet) and GOx immobilization (Gr/PBASE/GOx, olive). Each spectrum is an
average of 1000 measurements. (c) 2D vs G frequency plot of the 1000 measurements of Gr, Gr/PBASE and
Gr/PBASE/GOx in both CL and Si/SiO.. (The Gr, Gr/PBASE and Gr/PBASE/GOx of Si/SiO. correspond to the
black, red and blue, respectively). (d) Mechanical strain (g, %) vs charge (hole) density (n, 102 cm?) plot of the
measurements for each functionalization step in each substrate. The plot is a linear transformation of the 2D vs G

frequency plot shown in Figure 38c.

Further analysis of the plots in Figure 38c-d reveals that the charge density on the lens is less uniform
compared to the Si/SiOz substrates, with the data points being more dispersed. This discrepancy between
the two surfaces may be attributed to the semi-spherical shape of the CL. Additionally, the initial

mechanical strain values for the graphene on the CL differ from those on the Si/SiO2 substrates.
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Specifically, the graphene-coated lens exhibits an initial tensile strain, whereas the graphene on the
Si/SiO2 substrate shows compressive strain. Initially, it was thought that this difference might be due to
the curved surface applying strain to the graphene, but Raman analysis on a flattened CL after graphene
coating showed similar mechanical strain values to those observed on the graphene before flattening the
lens. To rule out the possibility that graphene had retained the strain from the curved, a bare CL was first
flattened on a coverslip, and then the graphene was transferred. Figure 39 presents the frequency plot
of the 2D and G peaks of the graphene-coated CL under different conditions. The mechanical strain values
of approximately ~0.0249% suggest that the observed difference between the graphene on the CL and
Si/SiOz substrates. We hypothesized that this effect could be related to intrinsic characteristics of the

substrates (e.g, surface charge and flexibility) rather than the curvature of the lens as originally

suspected.
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Figure 39: (a) 2D vs G frequency plot and (b) linear transformation with respect to the charge density and
mechanical strain of 3 sets of points corresponding to Gr/CL. Each set of points are a combination of at least 500

measurements.

With a method for functionalizing the graphene-coated CLs now developed, it becomes possible to
evaluate their hydrophilicity throughout all the steps of the functionalization process with GOx, using water
contact angle (WCA) measurements. To establish a reference for the wettability of the CVD graphene,
functionalization steps were performed in parallel using Si/SiO2 substrates. For this type of measurement,
the lens needs to be flattened to ensure accurate results. One potential issue encountered during

measurement was the uncontrolled dehydration of the CL due to exposure to air. This could lead to
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alterations in the contact angle, thus affecting the accuracy of the results. Figure 40 shows the WCA
measurements of a bare CL, labeled as 'Baseline,' as well as two subsequent measurements taken at
different times following the baseline. After two weeks and one month, the hydrophilic properties of the
CL were maintained, with a contact angle around 30 degrees regardless of the time that had passed. The
inset of Figure 40 displays one of these measurements, confirming that the CL surface was flat, and the

droplet remained unaffected during the test.
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Figure 40: Average WCA measurements over time (inset: one of the measurements).

For the characterization of the functionalization steps, one CL was utilized for each step. Figure 41 shows
the WCA measurements in each step starting from the bare lens. It is possible to see that the graphene
had a big impact on the wettability characteristics, increasing the WCA by 59° in respect to the bare lens
(Figure 41a). The immobilization of PBASE caused a decrease of ~14° and the further immobilization of
GOx caused an increase of ~5° compared to the PBASE step. As these results were never shown, we
proceeded to the characterization of the functionalization process using a Si/SiO. substrate. Figure 41b
depicts the evolution of the WCA after the functionalization stages. The WCA of Gr (82.07°) increases by
~ 9° with respect to the Si/SiO. substrate (73.53°). The PBASE brings the WCA to lower values, 77.41°,
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as expected by NHS-ester ligands upon surface immobilization [136]. The immobilization of GOx, a
natively hydrophilic molecule, significantly decreased the WCA by ~23°. Furthermore, charge doping
(either n- or p-type) has been shown to increase the wettability of graphene [204], [205], which would
also sustain the successive decreases of graphene’s WCA after functionalization with PBASE and GOx.
Contrary to Si/SiO. substrate, an increase by ~4° was seen in the last functionalization step of the CL.
This discrepancy can be attributed to the fact that it is not feasible to take the three measurements using
the same graphene-coated CL. Once the CL is flattened on top of a coverslip, it would require submerging
it in a solution to ensure the graphene is fully covered. However, this would cause the CL to detach,
potentially damaging both the graphene and the CL material itself. This experiment were not repeated
because we obtained always different graphene contact angles, and even though they were similar the

small differences could lead to inconclusive results.
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Figure 41: WCA characterization of the functionalization process (a) in CLs and (b) Si/SiO. substrate.

To further confirm the proper functionalization on the graphene, UV-vis spectroscopy was employed. Using
the template for the functionalization process, a fully functionalized graphene-coated lens was submerged
in a solution of 5 ml of glucose (1ImM, in PBS 1X). After 5 minutes the solution was transferred to another
vial so we could insert it on the UV-vis. As a reference, the original glucose solution (1mM, PBS 1X) was
used, this approach would allow for the monitoring of any optical changes that could indicate the
interaction between the functionalized graphene and glucose. Figure 42a displays the molecular
absorption spectrum in the range of 200 nm-270 nm, which can be attributed to byproducts of the
interaction between glucose and GOx. To investigate whether the observed peak originated from H20z,

an experiment was conducted where different concentrations of H202 were diluted in PBS, using PBS as
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a reference (Appendix XV), which goes according with literature [206]. This experiment confirmed the
contribution of H202 to the spectrum. Calibration curves were created to quantify the amount of H202
produced in the glucose-GOx reaction. Figure 42b shows various molecular absorption curves obtained
by drop-casting different volumes of H202 (30%) into 3 ml of glucose (1 mM in 1X PBS). Upon comparing
both graphs, the curve in Figure 42a closely resembles the one generated by adding 2.5 uL of H202,
further confirming the presence and activity of the enzyme on the graphene-coated CL. Other byproducts
from the glucose-GOx reaction might also contribute to the spectrum shown in Figure 42a, which could
potentially lead to misleading results. Thus, additional experiments will be required to identify and quantify
the other molecules involved in the reaction. Figure 42b correlates well with the graph in Appendix XV, as
when adding 1 uL of H202 to the 3 ml solution (resulting in a concentration of 0.01%) yields a similar
spectrum to the one corresponding to a concentration of 0.01%. The last volume measured (3.5 pL)
corresponds to a concentration of 0.035%, making the results coherent as the spectrums fall within the

concentration range of 0.01% to 0.05%.
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Figure 42: (a) Molecular absorption spectrum of 1 mM glucose solution after reacting with the fully functionalized
CL. (b) Molecular absorption spectrum different concentrations of H.O.. In both spectrums glucose (1 mM in 1 x

PBS) was utilized as reference.

5.3 Conclusion and future outlook

In this chapter, we explored the integration of monolayer CVD graphene in contact lenses. Different

characterization techniques were used to evaluate the characteristics of graphene and potential
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modifications induced during the fabrication method. This includes an assessment of the quality,
morphology, continuity, number of layers and any potential chemical modification. The initial transfer
procedure often resulted in defective graphene coating due to the difficulty of transferring graphene to 3D
surfaces. These issues arise from the high precision required to scoop out the PMMA/Gr from the water
to the lenses, while making sure that the whole surface is covered by graphene. The size of the PMMA/Gr
also influences the outcome of the transfer. If film size is not correctly dimensioned to match the lens
diameter, excessive tension may happen during scooping, increasing the risk of rupture upon contact
with the lens. To solve these issues, the transfer process was specifically optimized. A sample holder was
designed in AutoCAD and 3D-printed with synthetic resin to facilitate the graphene transfer to the lenses
while scaling up the number of transfers, making it an easier and less time-consuming procedure. A
method to assess the electrical properties of graphene was attempted by sputtering gold electrodes
directly onto the graphene film, avoiding complex lithography techniques that could introduce
contamination and affect the measurements. Following the integration of the graphene coating in the
contact lenses, we studied the functionalization protocol needed for glucose detection. An additional
sample holder dedicated to liquid experiment was designed and 3D-printed. This setup allows us to fully
submerge the graphene-coated lens in a controlled liquid environment to chemically modify graphene
without deteriorating the hydrogel lens. The successful immobilization of glucose oxidase was proved by
Raman spectroscopy. Finally, the reaction of glucose with the fully functionalized lens was verified using
ultraviolet-visible spectroscopy, by confirming the presence of hydrogen peroxide. Although an attempt
was made to quantify the amount produced, the contributions from the other byproducts of the reaction
must be taken into account for a definitive measurement.

Within the timeframe of this project, a way to directly correlate the response of the functionalized graphene
on contact lenses to glucose with the Vorec shifts observed in EG-GFETs during the glucose detection was
out of reach. Future work should thus attempt to bridge this gap. In our view, two main routes might be
explored. (i) Further experiments on EG-GFETs sensing under different conditions (e.g, pH and
temperature) would extend the current understanding of the detection mechanism. (ii) Accelerated
experiments with a blink simulator would provide useful information on the mechanical stability and
durability of the graphene coating in simulated conditions. (iii) Detailed UV-Vis measurements tracking
the additional byproducts of the glucose-GOx reaction (e.g,, gluconolactone and gluconic acid) would aid
an exact quantification of the H202 concentration produce during the detection, potentially leading to a

fruitful correlation with the Vore shifts observed in analogous conditions in the EG-GFETs. In the future,
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these additional experiments could pave the way to the realization of graphene-based disposable contact
lenses, which could predictively react to specific concentration of glucose in tears while worn and then

measure by a portable device once removed.
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APPENDIX |

For the GOx peaks assessment, GOx in its powder form and dissolved in water was analysed in Raman
Spectroscopy, as shown in Figure 43a. The main most intense peaks seen are around 2930 cm+, 1660
cm and 1450 cm-. Figure 43b shows the fitting of the GOx peak. In Figure 43c is possible to see a slight
bump in the 2900-3000 range when comparing the before and after the functionalization of PBASE/Gr
with GOx.
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Figure 43: (a) Raman spectra of GOx: powder form and dissolved in DI water. (b) The 2800-3100 cm* range
(highlighted by a yellow stripe in (a)) fitted with Lorentzian functions. (c) Gr/PBASE and Gr/PBASE/GOx spectra
zoomed-in in the 2800-3100 cm* range, showing a small contribution at 2947 cm® in the Gr/PBASE/GOx
spectrum, not visible in Gr/PBASE.
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APPENDIX Il

Figure 44 shows the change in FWHM of the graphene peaks in each step of the functionalization process

on a Si/Si0. substrate. The FWHM of the 2D peak slightly decreases from 39.82 cm+ in pristine graphene

to 39.77 cm in /PBASE/Gr and increases when adding GOx to 42.04 cm-. Regarding the G peak, an

increase is noticeable, going from 21.65 cm for pristine graphene to 26.04 cm-.
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Figure 44: FWHM distribution of the 2D and G peaks of graphene for Gr, Gr/PBASE and Gr/PBASE/GOx on Si/SiO..
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ApPPENDIX HII

Figure 45 shows the XPS survey for each step of the functionalization process.
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Figure 45: XPS survey spectra for Gr, Gr/PBASE and Gr/PBASE/GOx.
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APPENDIX IV

Our electrolyte-gated graphene field-effect transistor chip microfabrication is described elsewhere [32].
Briefly, a 200 mm silicon (Si) wafer (p-type doped with boron, B) with 100 nm of thermal oxide sputter-
coated with chromium (Cr, 3 nm) as the adhesion layer, gold (Au, 35 nm) as the conductive layer, and
alumina (Al:Os, 100 nm) capping. The source, drain and gate Au electrodes were patterned through optical
lithography and ion milling. A sacrificial layer (TIWN, 5 nm; AISiCu, 100 nm; TiWN, 15 nm) was sputtered
and patterned by lift-off, leaving only open the GFET channel areas to transfer the graphene. This sacrificial
layer protected the wafer from potential contamination from graphene transfer processes. After transfer,
the graphene was patterned by optical lithography and oxygen plasma etching, followed by wet etching
of the sacrificial layer. A protective layer of Nickel (Ni, 100 nm) was sputtered and patterned by lift-off to
work as a stopping layer for ion milling. The multistack passivation layers of SiO. (50 nm) and Si:N. (50
nm) (total thickness of 300 nm) were then grown by plasma-enhanced CVD, patterned via optical
lithography and etched to cover the entire sensor area except the graphene channel, the gold gate, and
the contact pads. Finally, wet etching of Ni and Al.Os was performed. The wafer was diced into 729 equal-
sized 5 x 5 mm2 chips (Figure 46a). Each chip consists of two gate electrodes and 32 graphene channels
(EG-GFETSs), each group of 16 with their drains connected to a common source (Figure 46b). The chip
photoresist was dissolved in acetone and then cleaned with IPA and DI water. The chips were then glued

onto a printed circuit board, wire bonded with gold wires and protected with a silicon elastomer.

M Gate

B Source
B Graphene channel

Figure 46: (a) EG-GFETs’ finished wafer. (b) Layout of EG-GFETs' chip. Drains (yellow pads), sources (blue pads),
gates (green pads) and graphene channels (red rectangles).
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APPENDIX V

Figure 47a shows the variation of the graphene peaks after incubation with DDT and DMSO. The graphene
used in both cases has 2D peak positioned at 2671.98 cm* and G peak at 1584.14 cm-. In the case of
DDT incubation, both peaks are red shifted. The 2D peak shifted to 2665.36 cm* and the G peak to
1581.4 cm. After the linear transformation, it's possible to conclude that this shift is not caused by the
doping of graphene but due to the changes in the mechanical strain. Figure 47b shows that the
compressive strain increases from -0.21% to -0.32%. When incubating with DMSQO, both 2D and G peaks
also redshifted to 2662.89 cmtand 1579.65 cm?, respectively. Similarly to DDT, an increase in tensile

strain was observed but with a decrease in charge density from 15.23 (10:2cm?) to 13.47 (102cm?).
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Figure 47: Variation of 2D and G modes frequency after Au passivation with DDT molecules. Visualization on (a)
2D vs G frequency plot and on (b) mechanical strain vs charge density plot. Variation of 2D and G modes frequency
after Gr incubation with DMSO. Visualization on (a) 2D vs G frequency plot and on (b) mechanical strain vs charge

density plot. All data shown are a combination of 1500 measurements for each step.
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Figure 48: Calibration curves for Gr*, Gr/PBASE and Gr/PBASE/GOx/ETA in nM-mM (saturation) range. The three

cases show almost no variation with an increase in glucose concentration.
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Figure 49: Corresponding (a) charge density and (b) mechanical strain calibration curves extracted from 2D and G
position values of Figure 40c. At 1 mM, there is an overall increase in hole concentration of ~9 x 102 cm-. The
mechanical strain varies minimally between concentrations (1 nM-1 mM, with a ~ 0.1% increase in compressive

strain only after 1 nM was detected.
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Figure 50: Calibration curve of (a) lactate sensing and (b) ascorbic acid on EG-GFETs in Gr/PBASE/GOx/ETA
configuration within the same concentration range as glucose (aM-nM). As opposed to glucose, the sensors had

an erratic behavior in response to lactate, proving the selectivity to glucose.
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APPENDIX IX

In order to make the characterization of the CL which required a flat surface, the CL had to be flattened
without damaging it. Figure 51 shows the one CL after being flattened of a glass coverslip with the black

arrows pointing to where the cuts were made to achieve it.

Figure 51: CL after being cut in four different zones pointed by the black arrows and flattened on a glass coverslip

between the Au electrodes.
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APPENDIX X

Figure 52: (a) Shadow mask on top of graphene before the sputtering of Au (b) Gr/Cu foil after the sputtering of
Au (c) Photograph of the Au electrode/Gr/CL after scooping. (d) Setup of the probe station in the cleanroom. (e)

Photographs during the conductivity measurement of the CL using a template as support.
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APPENDIX XI

Figure 53a-b shows an optical image near one of the electrodes with 10nm and 30nm thickness,
respectively. Figure 53c is the Raman spectra of the crosses shown on Figure 53b, indicating that the
graphene got damaged. Figure 53d shows the zone where a map was taken and the Raman spectrum of

an average of 225 points.

a b

Figure 53: (a) Optical image of the interface between the 10nm Au electrode/Gr-Gr and (b) Optical image of the

interface between the 30nm Au electrode/Gr-Gr and (c) Raman Spectra in the indicated crosses in (b).
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Figure 54: Raman Spectra of the CL (a) before and (b) after the PBASE functionalization in three random positions
on the CL.
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ApPPENDIX XIII

Figure 55 shows the change in FWHM of the graphene peaks in each step of the functionalization process

on the CL.
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Figure 55: FWHM distribution of the 2D and G peaks of graphene for Gr, Gr/PBASE and Gr/PBASE/GOx on Si/SiO..

98



APPENDIX XIV

Table 4 shows the values, and the changes caused by each functionalization step of graphene on the CL

surface and Si/SiO. substrate. In both cases there is an increase in the charge density when

functionalizing with PBASE and an increase in tensile strain. When functionalizing with GOx, a decrease

in both cases of the charge density is observed but with an increase in mechanical strain.

Table 4: Values of the graphene peaks in the functionalization process

Average Mechanical Charge Density
2D peak (cm?) G peak (cm>)
Values Strain (%) (102 cm?)
CL/Gr 2681.0 1586.9 0.010 11.060
+ PBASE 2684.4 (+3.4) 1590.5 (+3.6) 0.036 (+0.026) 17.551 (+6.491)
+ GOXx 2683.2 (-1.2) 1587.6 (-2.9) 0.060 (+0.024) 9.989 (-7.562)
Si/Si0./Gr 2665.8 1580.2 0.442 11.328
+ PBASE 2667.2 (+1.4) 1582.5(+2.3) -0.296 (+0.146) 17.151 (+5.823)
+ GOXx 2666.9 (-0.3)

1580.7 (-1.8) -0.267(+0.029) 11.691 (-5.460)
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Figure 56: H.0. molecular absorption for different concentrations using PBS a reference.
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ANNEX |

This annex presents a succinct overview of additional projects and bodies of work that were conducted

during the development of the project.

Posters
1. ESRA Symposium 2024

Primary author of the poster titled: "Towards non-invasive glucose monitoring in contact lenses"

2. CMD31-General Conference of the Condensed Matter Division

One of the authors of the poster titled: Chemical vapor deposited 2D crystals for advanced technologies
2024

Papers

1. "Graphene-based glucose sensors with attomolar limit of detection”

e  Submitted to Journal of the American Chemical Society

e Role (1+author): Conducted investigation, formal analysis, and contributed to writing, review, and

editing.

2. "Substrate dependent fluorination of CVD graphene for controlled wettability"

e Submitted to ACS Applied Materials & Interfaces

e Role (3« author): Involved in data acquirement, formal analysis, and contributed to writing, review,

and editing.

101



