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Abstract

Protein-templated gold nanoclusters (AuNCs) are emerging nanomaterials with diverse
applications in biomedical fields. AuNCs display discrete energy levels, large Stokes shift,
good water solubility, distinctive fluorescence properties, high photostability and
biocompatibility. These features make AuNCs a perfect candidate for imaging, biosensing
and theranostics in the cellular and molecular level.

This project aims to develop AuNCs-based platform tools for biosensing applications.
First, a facile and optimised protocol for the fabrication of BSA/AuNCs is developed. The
protocol requires shorter synthesis time (only 6 h) and lower protein amount (only 20
mg mL™1), while giving higher QY (10.62 %). Functionalisation of reduced graphene oxide
(rGO) with folic acid (FA) is performed using EDC/NHS cross-linking agents and their
interaction after loading with BSA/AuNCs is demonstrated. Finally, a fluorescence “turn-
off” sensing strategy is developed using the as-synthesised FA-rGO-BSA/AuNCs for
sensitive and selective detection of glutathione. The strategy requires incubation time as
short as 2 min only to observe a linear range from 0 to 1.75 uyM and LOD of 0.1 pM
towards GSH under pH 7.4.

Following this, RNase A/AuNCs is synthesised using the optimised protocol. An RNase
A/AuNCs-based platform is used to detect the presence of metal ions in aqueous solution.
Besides, the activity of RNase A protein after the formation of RNase A/AuNCs is studied.
It is found that 50.8 % of RNase A remain active in RNase A/AuNCs. The addition of FA-
rGO onto RNase A/AuNCs serve as a “turn-on” and “turn-off” fluorescence sensor for
biosensing of sodium and potassium ions.

Lastly, since electroanalytical methods are fast, simple, sensitive and cost-effective,
electrochemical approaches have been used, as a proof-of-concept, to investigate the
interaction between FA and folate receptor, on a graphene platform. With this, laser

scribed graphene oxide (GO) and GO-FA electrodes have been prepared using different



approaches for the studies. Ru(NH3)sCls is found to be more suitable to be used as the
redox probe in the present electrochemical measurements than Fe?*/Fe3*. Meanwhile,
different GO platforms have been studied using various substrates.

Overall, these facile fabricated AuNCs-based biosensors pave the way and highlight the
possibilities to detect important biomarkers in cancer cells, presenting potential

nanotheranostic applications in biological detection and clinical diagnosis.

Keywords: gold nanoclusters, protein templates, folic acid, graphene, biosensing, laser
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CHAPTER 1

1. Objectives

The main objective of this PhD thesis is to develop a facile and optimised protocol for the

fabrication of protein-templated AuNCs for biosensing applications.

Most of the reported biomolecule and metal ion sensors involve complicated, time-

consuming and costly procedures with limited effectiveness. Herein, two different

fluorescent AuNCs-based nanobiosensors for the detection of glutathione (GSH) and

metal ions under physiological pH conditions are presented. In addition, an

electrochemical sensing platform is developed using laser scribed graphene-based

electrodes for the detection of a cancer biomarker, namely FR.

This research work can be broken down into three specific objectives:

1. Integrating gold nanoclusters, folic acid and reduced graphene oxide for nanosensing
of glutathione based on "turn-off" fluorescence

2. Fluorescence "turn-off/turn-on" biosensing of metal ions by gold nanoclusters, folic
acid and reduced graphene oxide

3. Development of an electrochemical sensing platform for determination of folate

receptor using laser scribed graphene electrodes



CHAPTER 2

2. Literature review

Nanomaterials can be broadly categorised according to their composition, such as metal,
carbon, inorganic and organic nanoparticles (NPs)!2. Some of the important advantages
of nanomaterials are undoubtedly their small size and large functional surface area to
volume ratio, in addition to interesting optical and electrical properties. These properties
allow the diagnostic agents to be adsorbed, dissolved, or covalently attached to the
surface, to form NP-drug/imaging/targeting complexest3. The complex can subsequently
signal (diagnostics) to the cancer cells*>.

Researchers have been putting effort into designing and tailoring different nanomaterials
to serve as a diagnostic platform for specific disease/cancer/iliness. The main motivation
of this PhD work is to design and develop protein-templated gold nanoclusters (AuNCs)
as a potential biosensing nanomaterial. The following section provides an overview of
the features of AuNCs, FA and graphene derivatives, together with their potential in
biomedical applications.

2.1. Fluorescent gold nanoclusters as a functional nanomaterial

Metallic gold (Au) renders good chemical stability and physicochemical properties at sub-
nanometre size range®’. The size of gold nanoparticles (AuNPs) is in the range of 3-100
nm, which is close to the wavelength of light®. The collective oscillation of free conduction
band electrons on the surface of AuNPs can interact with electromagnetic waves,
generate localised surface plasmon resonance (SPR) effect that prompts intense light
scattering and absorption at about 520 nm?®1°, The SPR contributes to the optical and
electronic properties of AuNPs.

AuNCs are groups of several to a few hundreds of Au atoms which have been widely
explored since the past decade!!. AuNCs have dimensions between those of atoms and

metallic NPs'2. The size of AuNCs is comparable to the Fermi wavelength of conduction



electrons!3-!>, Owing to the ultrasmall size (<2 nm and <150 Au atoms), although the
size of AuUNCs is too small to support the SPR effect®, AUNCs exhibit strong quantum
confinement effects which contribute to its strong luminescence’. The strong
fluorescence emission of AUNCs permits quantification of nucleus targeting materials at
single-particle sensitivity'®. In other words, a single wavelength source is sufficient for
simultaneous excitation of AuNCs of varying emission. In addition, AuNCs are sensitive
to cluster size. Modification of the composition of NCs (adding, removing, replacing at
least one Au atom) would lead to different physiochemical properties. This is known as
metal engineering. These features make AuNCs a versatile and multifaceted platform for
biomedical applications!’.

Ligand engineering is another strategy to design AuNCs with desirable features?s.
Atomically precise AuNCs are endowed with rich coordination chemistry owing to the
presence of ligands®. Examples of ligands are polymers, peptides, dendrimers, micelles,
thiolates and biomolecules?®. Thiolate ligands are often selected as the protecting agent
for the Au core in AuNCs, as well as the stabiliser and passivating agent. This is due to
the strong bonding between Au atoms and sulfur in thiolate ligands. Ligands maintain
the atomic precision, well-defined molecular structure and intriguing molecular-like
properties of metal NCs®. Therefore, ligands influence the synthesis (size, formation rate,
etc.), physicochemical properties (geometrical structure, stability, solubility, biological
properties, etc.) and catalytic applications (selectivity, activity, etc.) of AuNCs.
Biomolecules, such as proteins or deoxyribonucleic acid (DNA), are intensively used in
synthesising AUNCs. Examples of proteins used are bovine serum albumin (BSA), insulin,
globulins and pepsin'®. Proteins act as a template, protecting agent and stabiliser for the
formation of AuNCs!®. Protein-templated AuNCs have gained immense attention in
biomedical applications owing to the tunable amino acids, rich functional chemistry, good

biocompatibility, high quantum yield (QY) in the near-infrared window, improved



physicochemical and physiological properties'®2°, These features allow AuNCs to become
multifunctional and suitable to be used as biosensing and bioimaging probes (for
diagnosis).

2.2. Bovine serum albumin as a protein template

BSA is a small and dynamic globular albumin protein with a molecular weight of 66.5
kDa®. BSA is a single polypeptide chain with 583 amino acid residues. The secondary
structure of BSA contains a high percentage (50-60 %) of a-helix®. It has no
carbohydrates. At pH 5-7, BSA contains 17 intra-chain disulfide bridges and 1 sulfhydryl
group. BSA is autofluorescent in the blue region, with the ability to affiliate five different
conformations reversibly in the pH range from 2.51 to 10.212%!. The hydrodynamic
diameter of native BSA is 7.4 nm at pH 7. The isoelectric point of BSA is at pH 4.722. BSA
is a commonly used drug delivery nanocarrier??, owing to its non-immunogenicity,
biodegradability and water solubility?*. BSA may attach to the O/W interface, bind, entrap
or coat bioactive molecules to form complexes with medical importance?3.

BSA is the first protein that has been used as a template for synthesising protein-
templated AuNCs?°, where it imparts bioactivity to the AuNCs. BSA-templated AuNCs
(BSA/AuUNCSs) are stabilised by a combination of Au-S bond with 35 cysteine residues and
steric protection from the bulkiness of a BSA®. BSA/AuNCs present the advantages of
high chemical stability, simple synthesis, reproducibility, photoluminescent and biological
selectivity®. Therefore, BSA/AuNCs have great potential both in in vitro and in vivo
biological applications.

2.3. Bovine pancreatic ribonuclease A as a protein template

Ribonucleases (RNases) play an important role in immune response regulation during
infection and cancer?®. Particularly, RNase A is the first and best characterised enzyme
in the RNase family since the early 20™ century. RNase A is an endonuclease that

catalyses the depolymerisation of RNA. RNase A recognises and cleaves the negatively



charged phosphate groups (pyrimidine bases) at the 3" -end of the phosphodiester bond
for binding with the purine bases at the 5" -end position?’. As shown in Figure 1.1, RNase
A is composed of three a-helices and seven B-strands arranged in two “lobes”, with a
globular configuration of 2.2 nm x 2.8 nm x 3.2 nm?8,

With a molecular mass of 13.7 kDa and a sequence length of 124 amino acids with no
carbohydrate attached to it, RNase A displays outstanding thermal stability (can sustain
100 °C without aggregation), anticancer and antimicrobial properties, and has been used
as chemotherapeutics in clinical trials?®?°. RNase A may bind to the negatively charged
cell membrane, enter cells by endocytosis, translocate to the cytosol and evade
mammalian protein ribonuclease inhibitor for RNA degradation3°. Dysregulation of RNase
A activity or expression level is closely related to pancreatic, ovarian, bladder and thyroid
cancer3?,

Kong et al. reported the use of RNase A as a biological template in synthesising cadmium
telluride (CdTe) quantum dots?®, AuNCs!® and lead sulfide (PbS) quantum dots?,
respectively in 2010, 2013 and 2016. In terms of synthesis of ribonuclease A-templated
AuNCs (RNase A/AuNCs), it is speculated that Au ions interact with the functional groups
(amino groups) of RNase A, forming Au-S bonds?3?. These RNase A-assisted synthesised
nanomaterials have shown potential in targeted drug delivery, cancer imaging and
therapy after functionalisation with targeting and imaging agents such as cyclic arginine-
glycine-aspartate (RGD) peptides?® and vitamin Bi,!°. Interestingly, the group has
recently reported the engineering of corona structure of RNase A on the AuNCs surfaces
to obtain red-shifts of emission at 1050 nm in NIR-II region for enhanced gastrointestinal

tract imaging33.
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Figure 1.1 Cartoon representation of RNase A structure. Cysteine residues involved in
disulfide bonds are represented by blue sticks and balls; a-helices and B-strands are

indicated with symbols a and B, respectively. Reprinted with permission from ref.34.

2.4. Folic acid for active targeting of cancer

Active targeting can potentially reduce the diagnostic time besides accelerating cancer
therapy. FA is a water-soluble vitamin Bos which is widely used in drug targeting owing to
its low-cost, compatible in both organic and aqueous solvents and lack immunogenicity3°.
Folate receptor (FR) is highly expressed (more than 90%) on primary and metastatic
human cancer cells3¢. FAs have a high affinity for FRs on cancer cells. Hence, FAs are
commonly used as colon cancer biomarkers for precise targeting of pathologic cells,
specifically without affecting the normal cells3’38, FAs are also found to inhibit COLO-205
colon cancer growth through anti-cancer cell proliferation and anti-angiogenesis®°.

FRs are considered as receptors for mediating selective targeting of drugs/imaging
agents to cancer cells**#!, It can be easily conjugated to both therapeutic and diagnostic
agents, acting as an ideal targeted therapeutic biomolecule*?. Once the folate conjugate
binds to FRs and subsequently internalised into endosomes, the changes in pH of the
endosome (approaches pH 5) will stimulate the dissociation of FAs from the receptors,

releasing the therapeutic compounds directly to cancerous sites*?, as shown in Figure



1.2. Therefore, RNase A coupled with AuNCs and FA can be employed for simultaneous

targeting, imaging as well as therapy at cancer and its metastasis sites.
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Figure 1.2 FR-mediated endocytosis of a FA drug conjugate. Folate conjugates bind to

FR with high affinity and subsequently internalised into endosomes. The disulfide bonds
are reduced upon internalisation. A folate-disulfide-drug conjugate is then released from
the FR, and the prodrug is reduced to release the parent drug cargo. FR is a receptor for
mediating selective targeting of drug/imaging agents to cancer cells. Reprinted with

permission from ref.#2,

2.5. Graphene oxide and reduced graphene oxide

Graphene and its derivatives have become the spotlight of nanotheranostics since the
past decade, owing to their electrically tunable surface chemistry and mechanical
robustness*-*’, The sp?-hybridised carbon atoms in a honeycomb network provide
graphene with a large surface area, enabling the compounds to adsorb/functionalise on
both sides of its planar surface.

Graphene oxide (GO) is a flake-like material made up of a single atomic layer of carbon*?,
functionalised with different oxygen based functional groups such as epoxy and hydroxyl

groups. There are currently no internationally recognised standards for thickness of GO.



The theoretical thickness of a single GO sheet is estimated to be in the range from 0.5
to 2 nm*°.

Atomic force microscopy (AFM) in tapping mode is commonly used to measure the lateral
dimensions and thickness of single and few layers graphene on mica surfaces. Different
works suggested different thickness of GO. For example, AFM image analysis from Tang
et al. (2018)>°, Stankovich et al. (2007)>! and Ding et al. (2011)%° each proposed that
the thickness of a single well-exfoliated GO sheet was around 0.6 nm, 1 nm and 1.5 nm,
respectively. The discrepancy of the AFM values and the theoretical value can be
attributed to the folds and bumps occurring at the surface of GO. Besides, the types of
substrate used, interactions of the cantilever with the substrate and the GO nanosheets,
tip-surface interactions, image feedback settings, surface chemistry, contaminants and
instrument noise>? are some of the contributing factors for the thickness variation of GO.
The presence of functional groups in GO contributes to its high hydrophilicity and
solubility in different solvents. Advantages of GO include facile synthesis, adjustable
moderate conductivity, high surface area, excellent biocompatibility, high mechanical
strength and thermal stability, and low-cost®3. Moreover, the large molecular weight of
GO enhances the imaging contrast®®, while its electrical properties allow long-range
fluorescence resonance energy transfer (FRET)>>. Due to the presence of three different
functional groups (C-0, C=0 and O=C-0H), both GO and reduced graphene oxide (rGO)
can absorb NIR, visible and UV light and fluoresce at a particular wavelength, highlighting
its potential as a photothermal agent>6-63,

Functional GO has been proven to be a viable carrier of drugs, imaging and therapeutic
agents owing to its high loading capacity, strong adsorption capacity for serum proteins,
small size, intrinsic optical properties and large surface area>®%+%>, Functional GO has
two aromatic planes and is capable of adsorbing aromatic compounds via simple

physisorption (mainly n-n stacking and hydrophobic interactions)®*. To our knowledge,



many studies have been carried out in loading cancer drugs, such as doxorubicin and
camptothecin, onto GO functionalised with targeting agents for theranostics of cancer
cellsb4:65,

2.6. Principles and theory of fluorescence spectroscopy

Fluorescence is a type of radiative emission®®. As illustrated in Jablonski diagram Figure
1.3, fluorescence occurs when a molecule (also known as fluorophore) at the ground
state absorbs excitation energy at a wavelength which promotes photons to an excited
singlet state. The molecule will subsequently decay to the lowest vibrational energy level,
relax back to the ground state while emitting photons during the process. The emission
can be characterised by QY and fluorescence lifetime®. The most common fluorophores
are organic dye molecules, usually characterised by aromatic rings or conjugated carbon

chains®’.
Internal conversion e
S
s, = — o o=
- (Photodynamic |
Th erapy

Fluorescence

Absorption
Vibrational relaxation

[ Photoacoustic Imaging & Photothermal Therapy]

{ Fluorescence Sensing & Imaging ]

Figure 1.3 Schematic of a Jablonski diagram showing different energy transition
processes and the subsequent potential in phototheranostics. Reprinted with permission

from ref.%®,



Fluorescence quenching can be defined as the decrease of the QY of fluorescence from
a fluorophore induced by a variety of molecular interactions with quencher molecule®®,
Fluorescence quenching is one of the ultra-high sensitive tools for the determination of
the interaction of different molecules and proteins. For example, several fluorescent
AuNCs-based platforms have been developed in the field of biosensing for biomarkers
such as small molecules, DNA and proteins®®-72, The fluorescence of AuNCs is affected
by the charge transfer from the ligands to the Au core through Au-S bonds. Fluorescence
intensity is also influenced by the direct donation of delocalised electrons of electron-rich
atoms or groups of the ligands to the Au core.

Fluorescence quenching-based “turn-on” assay is widely applied in biosensing. In brief,
the fluorescence of the donor can be effectively quenched by the acceptor in the absence
of targets and restored upon the addition of targets. The restored fluorescence intensity
is proportional to the concentration of targets. However, this method generally has
limited detection sensitivity due to photobleaching of organic dyes, high auto-
fluorescence background and inner filter effect caused by absorbing species’3. Water-
soluble GO is an efficient quencher and may lead to a low background and results in high
sensitivity.

2.7. An overview of glutathione and its detection

GSH is a low molecular weight (307.32 g.mol?) tri-peptide composed of glutamate,
cysteine and glycine’47¢. As an endogenous antioxidant, GSH may scavenge reactive
oxygen species, protect cells from oxidative stress and subsequently inhibit cancer
progression’+7>77-80 - GSH levels are found to be elevated in illness/cancers such as
Alzheimer’s disease®! as well as ovarian®?, liver’®, lung, colorectal, breast, head and neck
cancer patients®3. Reducing intracellular GSH levels has been proposed as one of the
strategies of cancer treatment®48>, Hence, sensing of GSH in the biological samples for

diagnosis of diseases is of great interest in biomedical applications.
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Although commercial kits for the detection of GSH are available, there is still a need for
a detection platform with the advantages of lower cost, fast response time, more
sensitivity and essentially stable®. The use of nanomaterials in biosensing is becoming
popular in recent years due to improvements in its sensitivity and robustness®’-°°,
Contrary to enzymes and other biological compounds, nanomaterials are stable in time
and do not require, in most cases, special storage conditions (i.e. low temperature,
buffered medium, etc.).

In the recent decade, polydopamine NPs®!, iron pyrite NPs®?, carbon dots®® and mixed-
valence-state cobalt nanomaterials®* have been designed for GSH sensing. Particularly,
manganese dioxide (MnO;) nanosheets are usually selected as GSH biosensors, owing
to their excellent colloidal stability, absorption capability, redox chemistry and
biocompatibility®>=°7. However, toxicity studies of MnO. nanosheets in the biological
environment are still in the preliminary stage®®°°. Although previous reports on GSH
sensing using fluorescence methods were claimed as cost-effective and highly sensitive,
however, those methods involve complicated experimental procedures and are time-
consuming100-102,

Generally, GSH is found in the cytosol of cells where its concentration is in the range of
1-10 mM193, Despite with picomolar-level detection capacity, most of the current
nanomaterial-based GSH biosensors (Table 1) present several drawbacks for wider
biological applications, such as its potential toxicity and immunogenicity, reproducibility
of the synthesised nanomaterials, etc.'%¢. For example, quaraine dye, an organic
fluorophore with advantages of lower photodamage, deeper tissue penetration and
minimal fluorescence background, has been used for bioimaging and selective detection
of GSH!%, However, the dye is chemically fragile and prone to form non-fluorescent
aggregates in biological media. Therefore, it is desirable to fabricate a GSH biosensor

which is biocompatible and can detect at least milli-molar concentrations of GSH°,
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Table 1 Examples of GSH biosensors with their sensitivity and linear range values as

reported in the literature.

Schematic Biosensor Signal Linear Range Limit of Reference
Assembly Detection
2D MnO: nanosheets- Fluorescence 0-2 mM 20 uM 78
BSA/AuNCs
MnO:2-induced synthesis of  Fluorescence 0-800 uM 1.5 uM o1
polydopamine NPs
Bis-squaraine dye SQSS Fluorescence 0-10 uM 0.15 uM 105
Carbon NPs@MnO2-AgNP Fluorescence 0.8-80 uM 0.55 uM 107
nanocomposite
Mesoporous silica Fluorescence 0-10 mM 52 pM 106
nanoquenchers capped
with anti-GSH antibody
Carbon dot-MnO: Fluorescence 0.2-600 uM 22 nM 108
nanosheet
AuNCs—-Hg(II) system Fluorescence 0.04-16.0 uM 7.0 nM 109
MoS:2 quantum dot donor Fluorescence 5-50 nM 2.7 nM 110
and Rhodamine 6G dye
acceptor
Self-quenched BSA/AuNCs Fluorescence 0.1-1.5 mM 0.004 mM 111
BSA/AuNCs-MnO2 Fluorescence 2-200 uM 2.2 UM 112
nanocomposite
RGD-modified BSA/AuNCs Fluorescence 1-10 mM - 113
Lucigenin-MnO: Fluorescence 1-150 uM 180 nM %7

nanosheets

12



Poly (allylamine) Fluorescence 0.3-20 mM 3mM 114
hydrochloride-confined

BSA/AuNCs

Mixed-valence-state cobalt Colorimetric 0.5-40 uM 0.03 uM 24

nanomaterials

FA-rGO-BSA/AuNCs Fluorescence 0-1.75 uM 0.1 uM Present

work

2.8. An overview of metal ions detection in a biological fluid

Many studies have found a correlation between metal ions and biological processes such
as kidney function, muscle contraction, regulation of blood pressure, nerve transmission,
autophagy, apoptosis, etc.1'>-117, Metal ions detection in a biological fluid is a challenging
task due to the obvious interference or competitive binding nature of other alkaline
metals ions!!®, This restricts the sensor with limited selectivity against other alkali ions,
especially in aqueous solutions!!®, Common analytical techniques employed for metal
ions detection are electrochemical, fluorescence and colorimetric methods.
Electrochemical methods, such as the potassium ion (K*) electrode, give reliable data
with low detection limits (as low as 2.3 nM)!!°, However, it is limited to non-invasive
study in biological systems due to the complicated nature of real sample matrices. The
electrochemical method is only suitable for large volumes (higher than few to tens of
pico-litres) with large cell numbers. In contrast, the fluorescence method stands out as
it is convenient, non-invasive, disposable, can be miniaturised and allows real-time in
situ response!!®120 “Turn-off” fluorescence assay is usually less sensitive than “turn-on”
assay!’l,

Oligonucleotide aptamers!t®2?, single-layer graphene!!’, valinomycin!?3, 18-Crown-6
ether!?4, etc. are some of the sensing elements used for selective and sensitive detection

of K*. Graphene-based devices can detect K* concentrations as low as 1 nM or even 2
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pM119, Triazacryptand (TAC) is typically used in designing biosensor for K*, owing to its
ability as a K* binding ligand and selective response for K* over competing for sodium
ion (Na*)!1>125  Recently, a fluorescent K* sensor composed of TAC and rhodamine
analog (as the fluorophore) has been used for monitoring the regulation of K* in
mitochondria during apoptosisi!>. The as-synthesised sensor exhibited the largest Stokes
shifts (120 nm) and the longest emission peak wavelength (720 nm). Photo-induced
intramolecular electron transfer from TAC to the rhodamine analog quenched the
fluorescence. In contrast, the fluorescence is recovered upon the addition of K* as
electron transfer will be inhibited during complexation between TAC and K*. However,
these small molecule-based sensors are significantly taken up by many cell types, and
thus, their application in extracellular K* sensing is limited!?°. Photo-induced
intramolecular electron transfer approach can be complex and difficult to optimise??®.
Also, these sensors were not reported for either intracellular or extracellular
investigations. An ideal intracellular K* sensor should display wide dynamic K* detection
range (100-300 mM), insensitive to Na* (5-15 mM in intracellular fluid) and other metal
ions at physiological concentrations, insensitive to pH and give rapid response!?!>,

Na*-specific DNAzyme!?7128  fluorescent organic NPs from a Biginelli-based receptor!8,
etc. have been used in measuring Na* concentration in the physiological range.
Supramolecular receptors based on crown ethers or cryptands have been developed with
varying structural modifications to render them as strong contenders for sensing Na* in
biomedical applications. Nevertheless, the efficiency of Na* sensor in aqueous media,
complicated procedures, requisite for expensive setup and instrumentations, are some
of the shortcomings of the developed sensors. Also, the formation of highly stable
complexes from crown ethers with sodium (Na)/potassium (K) salts limits the usage and

sensitivity of the sensors!??,

14



Despite the excellent sensitivity and selectivity, most of the current nanomaterial-based
Na*® and K* biosensors (Table 2) present several drawbacks for wider biological
applications, such as lengthy experimental procedures, requisite for expensive
instrumental setups, results are easily affected by photobleaching and light scattering,
materials with limited toxicity studies, etc. For example, commercially available K*
biosensor, such as K-binding benzofuranisophthalate (PBFI), has a relatively large
dissociation constant (K4) (up to 6.6 mM)3°, which is not ideal for highly concentrated
intracellular K* sensing. Therefore, it is desirable to fabricate Na* and K* biosensors
which can be constructed in a facile protocol, cost-effective, biocompatible, capability to
measure quickly, the fluorescence emission wavelength of over 600 nm and do not

require a reference solution.

Table 2 Examples of K* and Na* biosensors with their sensitivity and linear range values

as reported in the literature.

Type of Schematic Signal Linear range Limit of Reference
metal ion biosensor detection
biosensor assembly
Potassium CVD-grown Electrical 1 nM-10 uM 1nM 117
ion single-layer
graphene
AuNPs and a dye  Colorimetric 10 nM-50 mM 4.4 nM 131

(Cationic Yellow

5GL)

Berberine-G- Fluorescence 0.005-1.0 mM 2 UM 121
quadruplex

complex
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TAC with a
rhodamine

analog

Dye OliGreen
and ATP-binding

aptamer

Aminated carbon
dots and 18C6E-

rGO hybrids

2_
dicyanomethylen
e-3-cyano-4,5,5-
trimethyl-2,5-
dihydrofuran

(TCF) and TAC

TAC with
polymers (HEMA,
AM, METAC,

MESA)

RNase A/AuNCs

FA-rGO-RNase

A/AuNCs

16-400 mM

100-1000 nM

75 nM

116

0.05-10.0 mM

10 uM

132

0-1600 mM

125

0-200 mM

120

0-200 mM

74 mM

Present

work

0-25 mM

15.7 mM

Present

work

Solution-gated
CVD graphene
with
hydrophilisation

pretreatment

Electro

chemical

0.1 pM-100 nM

0.058 pM

119
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Ordered
mesoporous

carbon sphere

Manganese oxide

nanorods

4-aminobenzo-

18-crown-6 on a

functionalised Au

surface

10-4.19_10-0.21 M

5.4 uM

133

2-90 pM

0.05 UM

134

0.1-7 mM

124

Valinomycin
doped chitosan-

GO thin film

Surface
plasmon

resonance

0-100 ppm

0.001
ppm/
0.02557

MM

123

Silver

nanoplasmon

Surface-
enhanced
Raman

scattering

50-3000 nM

25 nM

135

Sodium

ion

G-quadruplex

formed by p25

Colorimetric

20 pM-0.8 mM

0.6 uM

128

Covalently linked
aminorhodamine
B-calix[4]arene

chromoionophore

Organic NPs
(Biginelli

compound 1)

RNase A/AuNCs)

Fluorescence

0.01-2.0 M

126

0-40 pM

22 nM

118

0-100 mM

49 mM

Present

work
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FA-rGO-RNase 0-200 mM 110 mM Present
A/AuUNCs) work
Silver NPs/GO Electro 0-100 mM 9.344 mM 136
nanocomposite chemical
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3.1. Introduction

Sensing of FA based on the fluorescence quenching of BSA/AuNCs has been introduced
by Hemmateenejad et al. (2014)!3”. It is speculated that FA interacts via hydrophilic and
hydrophobic interactions with tryptophan (Trp) residues (Trp-132 on the surface and
Trp-212 residue inside) of BSA. The interaction of FA and BSA alters BSA protein
secondary structure, causing a partial protein unfolding and therefore results in
fluorescence quenching®®. Although the sensor previously reported can be applied in the
determination of FA in pharmaceutical preparations, its application as a delivery carrier
remains unexplored till date.

Conjugation of FA on graphene oxide-based nanosystem can target and induce higher
cytotoxicity on FR-positive cells such as breast, ovarian, lung and colon cancers!38-140,
FA plays a dual role (as a reductant and stabiliser) in FA-modified rGO (FA-rGO). The
covalent binding of FA to rGO can produce stable and biocompatible materials4?,
enhance the energy accepting efficiency in long-range resonance energy transfer process
than graphene!#?, thereby making it suitable to be employed as a biosensor or drug
delivery carrier. Therefore, conjugation of FA to rGO serves as a potential nanocarrier
for controlled loading and targeted delivery of therapeutic agents®4143,

Despite its remarkable promise, no reports have been devoted to the construction of a
fluorescent sensing platform with FA-rGO and BSA/AuNCs. The effect of GSH on the FA-
rGO-BSA/AuUNCs has also remained largely unexplored. Few reports propose the use of
BSA/AuUNCs-Cu system for GSH sensing®®!, in which Cu?* is used as a fluorescence
quencher for BSA/AuNCs, and the fluorescence can be recovered with the addition of
GSH. However, this is the first work carried out in exploring the potential of FA-rGO not
only as a carrier of BSA/AuNCs but also having the potential as a GSH nanobiosensor
with significantly improved sensitivity and selectivity. The elucidation of such mechanism

will enable us to design effective fluorescent sensors for targets of interest rationally. In
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this investigation, we aim at understanding the quenching mechanism of FA-rGO towards
BSA/AuNCs fluorescence, which in turn allows us to design effective “turn-off”
fluorescent nanosensors for GSH detection. This is the first time that BSA/AuNCs, FA and
rGO are combined for fluorescent sensing of GSH, with a simple experimental process
that requires short incubation time of only 2 min.
3.2. Experimental

3.2.1. Reagents and materials
BSA (96 %, Sigma) was purchased in lyophilised-powder form and used without further
purification. Gold (III) chloride (HAuCl4) solution, FA (>97 %), reduced L-GSH (=98 %),
N-hydroxysuccinimide (NHS), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC), and all other reagents were purchased from Sigma Aldrich and
used as received. Ultrapure deionised water was obtained from a Milli-Q Plus system
(EMD Millipore, Billerica, MA, USA). Sodium hydroxide (1 M, NaOH) was purchased from
Nacalai Tesque. L-ascorbic acid was purchased from R&M Chemicals.

3.2.2. Analytical measurements
Fluorescence spectra were recorded using a fluorescence spectrophotometer (Hitachi F-
7000). Ultraviolet-visible (UV-vis) absorbance was measured using UV-vis
spectrophotometer (Lambda 35, Perkin EImer) to ensure the absence of large NPs, which
commonly show absorption at about 520 nm. UV light with the excitation of 365 nm was
used. To study the protein conformation, far-UV circular dichroism (CD, J-1000 series,
JASCO) was employed. The oxidation state of core Au atoms was examined by X-ray
photoelectron spectroscopy (XPS, ULVAC-PHI, Inc.). The morphological characterisation
of BSA/AuNCs was carried out using a high-resolution transmission electron microscope
(HRTEM, FEI Tecnai G2 F20 X-Twin). The Fourier transform infrared spectroscopy (FTIR)
spectra of FA, rGO and FA-rGO were recorded on an FTIR spectrometer (PerkinElmer

Frontier).
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3.2.3. Synthesis of BSA/AuNCs
BSA/AuUNCs were synthesised following a modified protocol of Xie et al. (2009)2°. Briefly,
0.7 mL of 12 mM HAuCI,4 solution was added to the same amount of aqueous solution
containing 20 mg.mL* BSA in a thermomixer and mixed at 1200 rpm for 5 min at 40 °C.
Then, 0.1 mL of 1 M NaOH solution was introduced, and the mixture was mixed in the
thermomixer at 900 rpm for 6 h at 60 °C. The colour of the solution changed from light
yellow to deep brown, which indicates the successful synthesis of BSA/AuNCs. The
resulting solution was purified using EMD Millipore Amicon Ultra-0.5 centrifugal filter
units with a membrane molecular weight cut-off (MWCO) of 10 kDa were used to remove
residual ions (i.e. Na*, Au** and OH"). The products were then stored at 4 °C until further
use.

3.2.4. Preparation of rGO
GO, Ganoderma lucidum (GL) extract and rGO were synthesised following a protocol
reported by our group!*4. Briefly, GO solution (0.1 mg.mL™) was adjusted to pH 7 using
NaOH. GL extract (50 mL) was added to a 50 mL of GO solution and transferred to a
water bath which was preheated to 85°C. The solution was mixed at 120 rpm for 16 h.
The resulting solution was ultracentrifuged at 10,000 rpm for 20 min and washed three
times with water before re-dispersing in water.

3.2.5. Covalent conjugation of FA-rGO
FA-rGO was prepared using a modified protocol reported by Zhang et al. (2010)%“. Briefly,
1 mg.mL! rGO was subjected to probe sonication of 20 kHz, at 500 W for 10 min. NaOH
(6.25 mmol) and chloroacetic acid (0.250 g, 11.655 mmol) was then added. The mixture
was bath sonicated (40 kHz, 70 W) for 2 h. After neutralisation with HCI, the mixture
was purified by repeated rinsing and centrifugation until rGO is well dispersed in
deionised water. The mixture was dialysed against deionised water for 24 h. To introduce

sulfonate groups to the rGO, sulfanilic acid (51.96 mg, 0.06 M) and sodium nitrite
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(70.720 mg, 0.205 M) were dissolved in 20 mL of 0.25 v/v % 1 M NaOH. The solution
was added dropwise to 0.1 M HCl in an ice bath. The sulfonated groups were mixed with
rGO in an ice bath under stirring for 2 h, followed by dialysis against deionised water for
over 24 h. The mixture was stored at 4 °C until further use. EDC and NHS were added
onto rGO, with the molar ratio of rGO:EDC:NHS as 40:50:73. The mixture was subjected
to probe sonication for 2 h. FA (5 mg.mL™, dissolved in 0.5 M NaHCOs;, at pH 8) was
added and stirred overnight. The products were dialysed against 0.5 M NaHCOs for 24 h,
followed by dialysis against deionised water for over 24 h. The products were
characterised by FTIR, UV-vis spectroscopy and fluorescence spectrophotometer.

3.2.6. Fluorescence quenching of BSA/AuNCs by FA-rGO
To investigate the potential of FA-rGO to induce fluorescence quenching of BSA/AuNCs,
different concentrations of FA-rGO were added to 3 mg.mL* of BSA/AuNCs. The solution
was mixed in a thermomixer at 1200 rpm for 5 min at room temperature. Fluorescence
intensity of the solution was recorded with an excitation wavelength (Aex) of 365 nm.

3.2.7. Sensing of GSH
GSH detection was conducted as follows. The same volume of FA-rGO-BSA/AuNCs was
added with various concentrations of GSH. The solution was mixed in a thermomixer at
1200 rpm for 2 min at room temperature. The fluorescence intensity was measured to
quantify the concentration of GSH at Aex= 365 nm.

3.2.8. Calculation of the signal-to-noise ratio and limit of detection
Signal-to-noise ratio (SNR) was calculated using the following standard equation (3.1).
SNR =R,/ S; (3.1)
Limit of detection (LOD) was calculated according to the following standard equations
(3.2) and (3.3).
y=a+S5X (3.2)

Here, X is LOD.
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y=(K X S§;)+ Blank (3.3)
Wherein,

a+ (SXLOD) = (K x S;) + Blank
Therefore,

LOD = [(K X S;)+ Blank —a]/S
where R_ is the signal response of least known concentration, K is the coefficient 3.314°,
S is the slope obtained from a calibration curve, while S; is the statistical result of the
standard deviation of the blank solution and a is the blank value.
3.3. Results and Discussion

3.3.1. Synthesis and characterisation of BSA/AuNCs

Different fabrication methods of protein-templated AuNCs have been proposed since the
year 2009; however, the long reaction time (up to 12 h), low QY (about 6 %) and
complicated protocols are some of the existing limitations. In this work, a simple protocol
for the fabrication of BSA/AuNCs with several advantages has been reported. The
advantages of this protocol are shorter synthesis time (only 6 h), higher QY (10.62 %),
need for lower protein amount (only 20 mg.mL™!); and employ mild reaction conditions.
The protocol is also applicable for the fabrication of AuNCs with different protein
templates such as lysozyme or ribonuclease A (RNase A, as tested, data shown in
Chapter 4), and not limited to BSA alone. Overall, such a synthesis protocol is more
economical and eco-friendly.
HRTEM image (Figure 3.1a and Supplementary Figure S3.1) demonstrated that the sizes
of the BSA/AuUNCs fall within a narrow range of less than 2 nm. BSA/AuNCs are generally
spherical dots demonstrating uniform size with high mono-dispersity. As shown in the
optical absorption of the as-prepared BSA/AuNCs (Figure 3.1b), no apparent SPR
absorption peak could be observed in the range between 400 and 600 nm?!3. The

absorption of BSA/AuNCs monotonously increases towards the shorter wavelength over
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the range of 220-850 nm. The absence of the plasmon absorption at about 520 nm
indicates that the ultra-small size of AUNCs can no longer support LSPR%, These confirm
the encapsulation of AuNCs in BSA protein, and most importantly, no large NPs (>2 nm
in diameter) were formed?4é,

AuNCs display optical confinement and photocatalytic propertiest3. As shown in Figure
3.1b), the as-synthesised BSA/AuNCs exhibited bright red fluorescence under UV
irradiation, with the emission band at 630 nm when excited at 365 nm?°. The red
emission from BSA/AuNCs was attributed to the Au clusters. The AuNCs bind to
hydrophobic pockets on the BSA protein’s surface and trap the AuNCs close to cysteine
residues for subsequent chemical interactions!4. The photoluminescence QY was about
10.62 % when calibrated with rhodamine B, which demonstrates a QY value of 31 % in
water when excited at 514 nm. The obtained QY is higher than the previously reported
value of around 6 %?%2°. The earlier study has shown that BSA starts to unfold at 65 °C*%’;
therefore, a temperature of 60 °C was chosen for the synthesis, instead of the
physiological temperature (37 °C). This is because, upon heating, the compact native
form of BSA becomes more flexible and reactive, exposing the Tyr and Trp residues from
the hydrophobic core of BSA molecule to a more polar solvent environment!4/:148, A

higher interaction between BSA and Au ions fastens the formation of BSA/AuNCs.
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Figure 3.1 Characterisation of BSA/AuNCs. (a) HRTEM image of the diluted fluorescent
BSA/AuNCs. (b) UV-vis absorption (blue line) and fluorescence emission spectra (red
line) of the as-prepared BSA/AuNCs with Aex at 365 nm. Inset: Optical photographs of

the BSA/AuNCs under visible (left) and UV light (right).

XPS has been employed to investigate the protein-AuNCs interactions and to prove the
reducibility of the protein against Au(III) ions in alkaline pH (Figure 3.2). As shown in
Figure 3.3a, the Au 4f of XPS and the binding energies at 83.628 eV (Au 4f7,2) and 86.628
eV (Au 4fs;z) confirm the formation of stable BSA/AuNCs, with most of the Au atoms
close to the oxidation state of Au(0). The two S 2p bands with the binding energies of
about 163 (S 2pi2) and 168 eV (S 2ps,2) were observed (Figure 3.3b), corresponding to
the gold-bound (Au-S) and oxidised sulfur species, respectively. Their relevant
abundances were estimated as 48.5 and 51.5 %, respectively, from the XPS curve fit of

BSA/AuNCs.
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Figure 3.2 Representative XPS spectra of (a) full range, (b) C 1s, (c) N 1s and (d) O 1s

of BSA/AuNCs.

CD spectroscopy was employed further to investigate the conformational evolution of
native and AuNCs-bound proteins. From the CD spectra of BSA/AuNCs (Figure 3.3c), the
characteristics of the two negative bands of the typical a-helix at 208 and 220 nm were
observed. This corresponds to n to n* and n to n* transitions, due to the peptide bond
of an a-helix. Attributed to the nucleation of AuNCs, the intensity of a-helix peaks shows
a gradual declination with the addition of Au. It shows 85 % reduction in the a-helix with
a 30 % increase in the B-sheet after the synthesis of BSA/AuNCs. Therefore, it can be
deduced that the interaction between these molecules are complex and cause

multidirectional alterations in the structure of the protein. The minimum observed at 220
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nm shifts towards lower wavelength, indicating a steady increase in the content of

disordered structures in the BSA of AuNCs!4°,
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Figure 3.3 Characterisation of BSA/AuNCs. Representative XPS spectra of (a) Au 4f, (b)

S 2p and (c) CD spectra of BSA/AuNCs.

3.3.2. Characterisation of FA-rGO
In the UV-vis spectra (Figure 3.4a), the n-n* transition of pterin ring at 282 nm and
saddle point at 360 nm of FA were observed in FA-rGO, suggesting the conjugation of
FA to rGO!*°, The FA-rGO exhibited characteristic absorption peaks of both FA and rGO.
It can be observed that there is no fluorescence peak of FA in the FA-rGO complex
between 420 and 630 nm (Figure 3.4b). In the FTIR spectrum of FA-rGO, the original
peaks of FA at 3321 and 910 cm™ belonging to O-H (stretching) disappeared. The peak

at 1066 cm corresponds to the carbonyl group (C-0) of rGO. The new peaks at 3210
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(N-H stretching), 1659 (C=0 stretching) and 1606 cm™ (N-H bending) in the spectrum

indicate the presence of CONH (amide) groups in the FA-rGO (Figure 3.4c).
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Figure 3.4 Characterisation of FA-rGO. (a) UV-vis spectra of rGO and FA-rGO in aqueous

solution. (b) Fluorescence intensity of FA and FA-rGO at Aex= 365 nm. (c) FTIR spectra

of FA, rGO and FA-rGO measured in lyophilised form.

3.3.3. Loading of BSA/AuNCs onto FA-rGO

Conversion of ester, hydroxyl and epoxide groups in the rGO to carboxylic acid groups

under strongly basic conditions may improve the aqueous stability of the reduced

graphene sheets and facilitate chemical conjugation of biomolecules via covalent

bonding®*. FA-rGO acts as a biocompatible biosensor for the detection of FR-positive

cancer cells. It is proposed that the binding of BSA/AuNCs onto FA-rGO was non-covalent,

driven by hydrophobic interactions and n-n stacking between BSA/AuNCs and aromatic
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regions of the rGO sheets!>°. Interaction of BSA/AuNCs with either the metallic core, the
stabiliser or the linkage between these two, might interfere with the fluorescence
propertiest>!. The charge transfer from BSA/AuNCs to FA-rGO weakens the Au-S bond
between cysteine residues and the Au core, which in turn reduces charge transfer from
BSA ligands to AuNCs, leading to fluorescence quenching of the AuNCs. As displayed in
Figure 3.5, the higher the concentration of FA-rGO, the higher the fluorescence
guenching of BSA/AuNCs. A relative concentration of 50 ug.mL* of FA-rGO was chosen

since the fluorescence of BSA/AuNCs was quenched by about 61 %.
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Figure 3.5 Effect of the addition of FA-rGO onto BSA/AuUNCs. (a) Fluorescence intensity
of 3 mg.mL? of BSA/AuNCs at Aex= 365 nm, by varying the concentrations of FA-rGO.
The relative concentrations of FA-rGO were 0, 10, 30, 50, 70 and 100 pg.mL™*. (b)
Fluorescence quenching values of 3 mg.mL™! of BSA/AuNCs by varying the concentrations
of FA-rGO. Inset: Optical photographs of BSA/AuNCs upon increasing the concentration
of FA-rGO under UV light with Aex at 365 nm (from top left to down right). The last tube
is the sample with FA-rGO only. Error bars indicate standard deviation of three

independent measurements.
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3.3.4. Effect of addition of GSH on the fluorescence intensity of FA-rGO-
BSA/AuNCs

As depicted in Figure 3.6, the addition of GSH into the mixture of FA-rGO and BSA/AuNCs
gradually quenched its fluorescence. The fluorescence quenching values, (Fo-F)/Fo,
showed a linear dynamic range for the concentrations of GSH from 0.25 to 16 uM, which
is sensitive to detect the milli-molar concentrations of endogenous GSH in most
mammalian cells. As shown in the inset of Figure 3.6c, a linear range from 0 to 1.75 uM
as well as a LOD of 0.1 yM and an SNR of 7.68 towards GSH under the physiological pH

conditions (pH 7.4) were obtained.
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Figure 3.6 Sensitive and selective detection of GSH using FA-rGO-BSA/AuNCs. (a)
Fluorescence intensity of FA-rGO-BSA/AuNCs by varying the concentrations of GSH. The
relative concentrations of GSH were 0, 2, 4, 6, 8, 10, 12, 14 and 16 ug.mL? at Aex= 365

nm. (b) Relationship between the fluorescence quenching values (Fo-F)/Fo and the target
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concentrations. (c) Linear response of the fluorescence quenching values (Fo-F)/Fo to the
concentration of GSH. Error bars are the standard deviation of three repetitive
experiments. (d) Selective detection of 0.5 mM GSH in the presence of potentially
interfering components. The concentrations of glycine, proline, leucine, methionine,
fructose, glucose, Trp, NaCl, KCI, CaCl,, MgSOs and MnCl;:4H,O were 5 mM. The
concentration of ascorbic acid was 50 mM. Fo and F are the fluorescence intensities of
the sensing system in the absence and presence of GSH (or other potentially interfering
chemicals), respectively. Error bars indicate the standard deviation of three independent

measurements.

GSH has a sulfhydryl group and a glutamyl linkage in its structure’?, making it a powerful
reducing agent and a strong nucleophile that can react with cellular toxicants!>?. GSH
plays the role of an antioxidant by scavenging electrophilic and oxidant species’. The
possible mechanism contributing to the fluorescence quenching of FA-rGO-BSA/AuNCs
could be due to the strong interaction (mainly by hydrogen bonding and van der Waals
forces) between GSH and BSA on BSA/AuNCs. As a water-soluble biomolecule, BSA
provides steric protection and shielding effect to AUNCs when used as a fluorescent
probe!>31>4  However, upon addition of GSH, driven by favourable enthalpy and
unfavourable entrophy’?, GSH binds within the sub-domain IIA pocket in domain II of
BSA (as shown in Supplementary Fig. S3.2)7°. This changes the conformation of BSA on
BSA/AuNCs and forms a GSH-BSA complex’®. The formation of GSH-BSA complex further
destabilises the structure of FA-rGO-BSA/AuNCs and subsequently quenches the
fluorescence intensity of BSA/AuNCs.

Sensing strategies based on direct analyte-induced BSA/AuNCs fluorescence change can
be simple but comes with the disadvantage of high sample matrix interference, especially

in the detection of real samples!®®. This is because the analyte (in this case GSH) tends
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to interact with the Au core and ligands of BSA/AuNCs. The interaction may affect the
valence state of Au core and form complexes, cluster aggregations or electron flow
changes, which will eventually interfere with the fluorescence of BSA/AuNCs!>6-158,
Therefore, special functionalisation or modification of BSA/AuNCs are often needed for
enhanced biosensing performances. Since covalent binding of FA to rGO can produce
stable and biocompatible materials with potential as a nanocarrier in the drug delivery
system?®>?, this is the first study that explores using FA-rGO as a carrier for BSA/AuNCs
in the detection of GSH.

To the best of our knowledge, there are no reports on the addition of GSH directly onto
BSA/AuNCs. BSA/AuNCs are normally coupled with MnO. nanosheets!!?, peptide!!3,
polymer or subjected to growth process!!* before using as an activatable fluorescence
probe for GSH sensing. A possible justification for the modification of BSA/AuNCs was to
enhance aurophilic interactions of Au(I)-thiolate complexes on the surface of Au(0) core
and rigidify the ligand shell. This allows AuNCs to undergo aggregation-induced emission
mechanism with enhanced fluorescence intensity!!* while retaining the intrinsic structure
of BSA/AuNCs and biological functions of BSA!!2113, In addition, the surface modification
of BSA/AuNCs reduces unwanted intramolecular vibration and rotation!!4, enhances
biocompatibility and stability, as well as diversifies the potential of BSA/AuNCs in
biological applications!!3.

A self-quenched BSA/AuUNCs for “turn-on” fluorescence imaging of intracellular GSH was
reported in 20171, The self-quenched BSA/AuNCs were prepared via disulfide bond-
induced aggregation of AUNCs. AuNCs act as both energy donor and acceptor. However,
compared with the self-quenched AuNCs, the present work is much simpler and
straightforward, exhibits higher QY, a lower LOD (up to 40 times) and better selectivity
over other interfering species. This study also eliminates ultrasonication and multi

covalent coupling procedures.

33



Another possible reason for fluorescence quenching of FA-rGO-BSA/AuNCs could be
ascribed to the formation of GSH-Au* complexes via the specific etching reaction of the
thiol group of GSH with the core of Au'®®. A similar observation has been reported in
AgNCs, in which the biological thiols penetrate the BSA protective layer and chemisorb
onto the surface of AgNCs, resulting in the fluorescence quenching of AgNCs'6!,

In the present study, the GSH nanobiosensor was designed based on the fluorescence
“turn-off” strategy, in which fluorescence quenching occurred when GSH was added to
the FA-rGO-BSA/AuUNCs. Literature suggested that “turn-on” fluorescence strategy may
provide more sensitive results with lower background signal and LOD%163, Therefore,
this work serves as a preliminary study for the design of “turn-on” fluorescence strategy
with improved selectivity and sensitivity performance. In future work, the effect of the
addition of FR, a promising cancer biomarker, on the FA-rGO-BSA/AuNCs can be
investigated, which will lay the foundation for concurrent diagnosis and therapy of cancer
cells.

3.3.5. Selectivity of the sensing system

Selectivity is an essential parameter for probes in practical applications. The selectivity
of the sensing system towards GSH detection over other amino acids and common
components of metal ions was evaluated. As shown in Figure 3.6d, the potential
interfering compounds (glycine, proline, leucine, methionine, fructose, glucose, Trp, NaCl,
KCI, CaCl;, MgS04, and MnCl,-4H,0) with a concentration of ten times higher than the
amount of GSH (5 mM vs. 0.5 mM of GSH) did not significantly affect the detection.
Notably, the fluorescence intensity of FA-rGO-BSA/AuNCs can be recovered in the
presence of ascorbic acid with a concentration of 100 times higher than the amount of
GSH (50 mM vs. 0.5 mM of GSH). However, the interference of ascorbic acid could be
eliminated by pretreatment with N-ethylmaleimide (NEM, a thiol blocking agent)6416>,

Despite the limitation of this approach towards antioxidant such as ascorbic acid,
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considering the concentration of GSH in cancer cells which is around 1-10 mM, the
proposed sensing strategy exhibited good sensitivity and selectivity towards GSH
detection.

3.4. Conclusions

In this study, we have reported a novel nanobiosensor composed of BSA/AuNCs, rGO
and FA. It is a new, fast, and facile fabrication method of BSA/AuNCs, with high QY under
mild, economical, and eco-friendly synthesis conditions. FA-rGO serving as an effective
guencher towards the fluorescence of BSA/AuNCs has been demonstrated successfully,
with the quenching intensity of about 61 %. This is due to the effective charge transfer
from BSA/AuUNCs to FA-rGO, which weakens the Au-S bond between cysteine residues
and the Au core of the initially fluorescent BSA/AuNCs complex. Furthermore, a sensitive
and selective fluorescent sensing system for GSH detection was demonstrated based on
the strong interaction between GSH and BSA on BSA/AuUNCs. Our proposed method does
not require antibody (more stable in time), biocompatible and uses a simpler and
straightforward system that can be further developed into a visual/colorimetric sensor.
This study assists in understanding the mechanisms of nanomaterial-mediated
fluorescence quenching. It also paves the way to fabricate a “turn-on” or “turn-off”
fluorescent nanobiosensor for relevant biomarkers in cancer cells, presenting potential

nanotheranostic applications in biological detection and clinical diagnosis.
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4.1. Introduction

Monovalent cations such as Na* and K* bind to protein surfaces due to the local cation-
specific interactions with the anionic carboxylate group in Glu and Asp side chains on the
protein backbone®®. Inspired by the interesting fact that RNase A can be activated by K
and Na salts, our group has designed an effective “turn-off/turn-on” fluorescent sensor
for the detection of these two ions using RNase A/AuNCs. RNase A/AuNCs are firstly
loaded onto FA-rGO for a fluorescence “turn-off”, followed by the fluorescence “turn-on”
after the addition of Na* and K*. To the best of our knowledge, this is the first work done
on determining the RNase A protein activity in RNase A/AuNCs and exploring the
potential application of RNase A/AuNCs towards sensing metal ions. Although the work
is preliminary, the current design combines the potential of drug delivery, active
targeting, and therapy of cancer cells as well as biosensing of metal ions in a single
platform.

In brief, a novel metal ions sensor for the determination of Na* and K* based on “turn-
off/turn-on” fluorescence has been constructed. The sensor possesses the following
advantages: (1) composed of entirely biocompatible materials such as RNase A/AuNCs,
FA and rGO (2) its excitation (365 nm) and emission (627 nm) wavelengths can minimise
the effects of background fluorescence of biological fluids (3) the sensing model can be
readily extended to the sensing of other cations by simply using other specific proteins
on metal nanoclusters and even to the sensing of other biomolecules. This can be
accomplished by the rational design employed, in which different interactions bring metal
ions and functional groups on protein to close proximity. Hence, this investigation
provides a new type of green nanomaterials for metal ions biosensing with potential in

drug delivery®®, active targeting and therapy on cancer cells and biosensing of metal ions.
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4.2. Experimental

4.2.1. Reagents and materials
RNase A from bovine pancreas (=60 %, Sigma) was purchased in lyophilised-powder
form and used without further purification. RNase A detection kit and all other reagents
were purchased from Sigma Aldrich and used as received. Potassium chloride (KCl) was
purchased from Systerm. Sodium chloride (NaCl) and tris-hydrochloride (Tris-HCI) were
purchased from Merck.

4.2.2. Synthesis of RNase A/AuNCs
RNase A/AuNCs was synthesised following a modified protocol of Xie et al. (2009)%>.
Briefly, 0.7 mL of 12 mM HAuCIs solution was added to the same amount of aqueous
solution containing 20 mg.mL* RNase A in a thermomixer and mixed at 1200 rpm for 5
min at 40 °C. Then, 0.1 mL of 1 M NaOH solution was introduced, and the mixture was
subjected to thermomixer at 900 rpm for 6 h at 60 °C. The colour change of the solution
from light yellow to deep brown indicates the successful synthesis of RNase A/AuNCs.
The resulting solution was purified using EMD Millipore Amicon Ultra-0.5 centrifugal filter
unit with a membrane having a MWCO of 10 kDa to remove residual ions (i.e. Na*, Au3*
and OH"). The products were then stored at 4 °C until further use.

4.2.3. RNase A protein activity assay
The detection of RNase A activity was performed by referring to the technical bulletin of
RNase A detection kit. The assay was performed using microplates with a reaction
volume of 200 pL. Briefly, control was prepared by mixing 100 uL of RNA solution and
100 pL of water. The blank was prepared by mixing 100 pyL of reaction buffer and an
equal amount of water. The absorbance of the control and blank were read by UV-vis
spectroscopy at Asoonm Of the control vs. blank. The absorbance must be 0.73+£0.03
before beginning the assay. Total hydrolysis (Er) was determined by preparing a triplicate

of the mixture of 100 pL of RNA solution and 100 pL of 6 pg/mL RNase A. The
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spectrophotometer was calibrated against blank. The absorbance of the triplicate was
read at 25 °C for about 120 min at 1-min intervals or until the AAsoonm/min is <0.002. To
measure the rate determination (Eo), the spectrophotometer was calibrated against the
blank. A mixture of 100 pL of RNA solution and 92 pL of water was prepared and
equilibrated to 25 °C until Asoonm remained constant. 8 pL of 2.4 pg/mL RNase A was
added to the mixture and immediately mixed by inversion. The decrease in Aszoponm Was
recorded for about 10 min. The slope of the line (AAszoonm/min) was then determined.
Rate determination was repeated with 2.4 ug/mL RNase A/AuNCs samples (Es). The slope
of the line was determined using the following equation (4.1).
Slope = Aln(E, — Ef) /At (4.1)
Kunitz units/mL enzyme was calculated based on the following equation (4.2).
[(slope)(df)(Vi)]/(VE) (4.2)
Where df is the dilution factor, Vr is the total volume of the assay (in millimetres), and
Ve is the volume (in millimetres) of the enzyme used.

4.2.4. Covalent conjugation of FA-rGO
FA-rGO was prepared using a modified protocol reported by Zhang et al. (2010)%“. Briefly,
1 mg.mL! rGO was subjected to probe sonication (20 kHz, 500 W) for 10 min. NaOH
(6.25 mmol) and chloroacetic acid (0.250 g, 11.655 mmol) were then added. The
mixture was bath sonicated (40 kHz, 70 W) for 2 h. After neutralisation with HCI, the
mixture was purified by repeated rinsing and centrifugation until rGO is well dispersed in
deionised water. The mixture was dialysed against deionised water for 24 h. To introduce
sulfonate groups to the rGO, sulfanilic acid (51.96 mg, 0.06 M) and sodium nitrite
(70.720 mg, 0.205 M) were dissolved in 20 mL of 0.25 v/v % 1 M NaOH. The solution
was added dropwise to 0.1 M HCI in an ice bath. The sulfonated groups were mixed with
rGO in an ice bath under stirring for 2 h, followed by dialysis against deionised water for

over 24 h. The mixture was stored at 4 °C until further use. EDC and NHS were added
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onto rGO, with the molar ratio of rGO:EDC:NHS as 40:50:73. The mixture was subjected
to probe sonication for 2 h. FA (5 mg mL?, dissolved in 0.5 M NaHCOs;, at pH 8) was
added and stirred overnight. The products were dialysed against 0.5 M NaHCOs for 24 h,
followed by dialysis against deionised water for over 24 h. The products were
characterised by FTIR, UV-vis spectroscopy and fluorescence spectrophotometer.

4.2.5. Fluorescence quenching of RNase A/AuNCs by FA-rGO
To investigate the potential of FA-rGO to induce fluorescence quenching of RNase
A/AuNCs, different concentrations of FA-rGO were added to 8 mg.mL*! of RNase A
/AUNCs. The solution was mixed in a thermomixer at 900 rpm for 10 min at room
temperature. The fluorescence intensity of the solution was recorded at an Aex of 365
nm.

4.2.6. Sensing of potassium and sodium ions
The detection of K* and Na* ions were conducted as follows. The same volume of FA-
rGO-RNase A/AuNCs was added with various concentrations of K*. The solution was
mixed in a thermomixer at 900 rpm for 20 min at room temperature. The fluorescence
intensity was measured to quantify the concentration of K* at Aex= 365 nm. The steps
were repeated for the detection of Na*. The experiments were repeated with RNase
A/AuNCs only, without FA-rGO.
4.3. Results and Discussion

4.3.1. Synthesis and characterisation of RNase A/AuNCs
To the best of our knowledge, the only study on the fabrication and application of RNase
A/AuNCs was conducted by Kong et al. (2013)°, The group presented a nanoplatform
composed of vitamin Bi>-coupled RNase A/AuNCs for simultaneous targeting and imaging
of tumour sites. The group synthesised RNase A/AuNCs using a typical modified protocol
introduced by Xie et al. (2009)%°>. The fabrication method, however, requires long

incubation time (up to 12 h) and needs high protein concentration (50 mg mL™?). In this
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work, RNase A/AuNCs was prepared using the protocol introduced by our group Wong et
al. (2021)%%’, The method is facile, convenient and takes shorter synthesis time of only
6 h.

HRTEM image (Figure 4.1A) demonstrates that the sizes of RNase A/AuNCs fall within a
narrow range of less than 2 nm. RNase A/AuNCs are generally spherical dots
demonstrating uniform size with high monodispersity. As shown in the optical absorption
of the as-prepared RNase A /AuNCs (Figure 4.1B), no apparent SPR absorption peak
could be observed in the range between 400 and 600 nm. This confirms the
encapsulation of AUNCs in RNase A protein, and most importantly, no large NPs (>2 nm
in diameter) were formed?4¢,

Besides, the as-synthesised RNase A/AuNCs exhibited bright red fluorescence under UV
irradiation (Figure 4.1B), with the emission band at 645 nm when excited at 365 nm.
Most of the fluorophores used for metal ions sensing have emission wavelength below
600 nm, which might lead to light-induced toxicity, weak tissue penetration, low
resolution, auto-fluorescence and light absorption of biomolecules!!®. It is preferable to
design low-energy NIR fluorescent sensors with long-wavelength to overcome the
shortcomings mentioned above. The photoluminescence QY was about 7.46 % when
calibrated with rhodamine B, which has a QY value of 31 % in water when excited at 514

nm.
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Figure 4.1 Characterisation of RNase A/AuNCs. (A) HRTEM image of the diluted
fluorescent RNase A/AuNCs. (B) UV-vis absorption (blue line) and fluorescence emission
spectra (orange line) of the as-prepared RNase A/AuNCs with Aex at 365 nm. Inset:

Optical photographs of the RNase A/AuNCs under visible (left) and UV light (right).

RNase A is a single domain protein with two-subdomain portions which contain 124
amino acid residues comprising of 3 a-helices, 7 short B-strands and loops connecting
them. As shown in Figure 4.2, the native RNase A is stabilised by four disulfide bonds
(Cys26-Cys84, Cys40-Cys95, Cys58-Cys110 and Cys65-Cys72) and two cis-peptide
bonds before prolines (Pro93 and Pro114)34. At a temperature higher than 50 °C, the
protein becomes unstable as the high kinetic energy of the chain disrupts the protein
structure. The protein is in a reversible transition state between unfolded and compact
state. RNase A protein becomes completely denatured, compact and biologically inactive
above 67 °C%8169 Therefore, a temperature of 60 °C was chosen for the synthesis,
instead of the physiological temperature (37 °C). This is because, upon heating, the
Phe46 residues located in the hydrophobic core of RNase A will be replaced with other
hydrophobic amino acid residues. This will result in a marked decrease in the thermal

stability and unfolding of RNase A, making the compact native form of RNase A to
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become flexible and reactive!’?. A higher interaction between RNase A and Au ions
fastens the formation of RNase A/AuNCs.

N-terminus

Cysss-Cysnd RN
N

C-terminus

Figure 4.2 Characterisation of RNase A/AuNCs. Cartoon representation of RNase A.

Reprinted with permission from ref.3*, ACS Publications, 2017.

XPS was employed to investigate the protein-AuNCs interactions and to prove the
reducibility of the protein against Au(III) ions in alkaline pH (Figure 4.3). As shown in
Figure 4.3A, the XPS of Au 4f and the binding energies at 83.811 eV (Au 4f7,2) and 87.311
eV (Au 4fs;;) confirm the formation of stable RNase A/AuNCs, with most of the Au atoms
close to the oxidation state of Au(0). The two S 2p bands with the binding energies of
about 163 (S 2p1/2) and 169 eV (S 2ps/2) were observed (Figure 4.3B), corresponding to

the gold-bound (Au-S) and oxidised sulfur species, respectively.
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Figure 4.3 Characterisation of RNase A/AuNCs. Representative XPS spectra of (A) Au 4f,

(B) S 2p, (C) full range, (D) O 1s, (E) C 1s and (F) N 1s of RNase A/AuNCs.

CD spectroscopy was employed further to investigate the conformational evolution of
native and AuNCs-bound proteins. From the CD spectra, as shown in Figure 4.4, a broad
negative band with protrusions at 209 nm for a-helix and 218 nm for B-sheet was
observed for RNase A. Attributed to the nucleation of AuNCs, the intensity of a-helix
peaks declines with the addition of Au. It shows a 100 % reduction in the a-helix and a
31 % decrease in the B-sheet after the synthesis of RNase A/AuNCs. The valley at 218

nm becomes markedly shallower and blue shifts to about 198 nm after the cluster
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formation, indicating an increase in the disordered and random coil structures in the
RNase A/AuNCs (due to protein unfolding). Therefore, it can be deduced that the
interaction between these molecules are complex and cause multidirectional alterations

in the structure of the protein.
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Figure 4.4 Characterisation of RNase A/AuNCs. CD spectra of RNase A/AuNCs.

4.3.2. RNase A protein activity assay

Depending on the reaction conditions, protein templated AuNCs are formed either under
protein-denatured or native condition’!. The encapsulation of the AuNCs inside the
protein template might interfere with the protein structure and activity. Since RNase A
is a therapeutic protein, it is important to preserve the native protein structure to retain
its biological activity after the formation of AuNCs.

Although advanced analytical methods are available to investigate the protein activity,
most depend on expert operators and capital equipment that are often low throughput
and prohibitively expensive!’2. None of the work has been conducted on studying the

activity of the protein RNase A in the bioconjugate, RNase A/AuNCs. UV spectroscopy is
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a fast, simple, and inexpensive method to determine protein activity or structure,
protein-protein, and protein-ligand interactions!’?.

In general, RNase A converts RNA to oligonucleotides in the presence of water. RNase A
primarily absorbs UV light with absorbance maxima at 300 nm. Hence, RNase A activity
was calculated after monitoring the decrease in absorbance at 300 nm upon hydrolysis
at 25 °C. The Er value was determined by plotting a graph of absorbance vs. time (Figure
S4.1A). The slope of the line was observed as 0.6417. Rate determination of RNase A
and RNase A/AuNCs vs. blank were plotted (Figure S4.1B). The graphs of In(Eo-Ef) and
In(Es-Ef) vs. time were plotted (Figure S4.1C). The final activity of RNase A samples was
calculated using equation (4.2). The RNase A in RNase A/AuNCs sample was found to be
50.8% active and can exert ribonucleolytic activity against RNA173:174,

4.3.3. Loading of RNase A/AuNCs onto FA-rGO

Functionalisation of biomolecules on the surface of GO-based nanosystem enhances the
catalytic activity, leading to increase in electrode surface area and active sites for
electron capture in solution. The GO-based nanosystem owns n-n stacking interaction
which induces facile electron transfer between the nanosystem, and target analytest3.
FA-rGO targets the FR-positive cancer cells, as well as acts as a novel nanocarrier for
the co-delivery of genes and drugs for enhanced cancer therapy!’>. The loading of RNase
A/AuNCs onto FA-rGO was driven by hydrophobic interactions and n-n stacking between
RNase A/AuNCs and aromatic regions of the rGO sheets!>°. Graphene-based oxides are
known to decrease the photo-emission of the fluorescent molecule via the photo-induced
charge transfer from the fluorophore to the oxide surface!’®. The interaction of RNase
A/AuNCs with either the metallic core, the stabiliser or the linkage between these two,
might interfere with the fluorescence propertiest>!. The charge transfer from RNase
A/AuNCs to FA-rGO weakens the Au-S bond between cysteine residues and the Au core,

which in turn reduces charge transfer from RNase A ligands to AuNCs, leading to
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fluorescence quenching of AuNCs. As displayed in Figure 4.5, the higher the
concentrations of FA-rGO, the higher the fluorescence quenching of RNase A/AuNCs. A
relative concentration of 50 pg.mL! of FA-rGO was chosen since the fluorescence of

RNase A/AuNCs was quenched by about 15 %.
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Figure 4.5 Effect of addition of FA-rGO onto RNase A/AuNCs. (A) Fluorescence intensity
of 8 mg.mL! of RNase A/AuNCs at Aex= 365 nm, by varying the concentration of FA-rGO.
The relative concentrations of FA-rGO were 0, 10, 20, 30, 60 and 90 pg.mL*!. (B)
Fluorescence quenching values of 8 mg.mL?! of RNase A/AuNCs by varying the
concentration of FA-rGO. Inset: Error bars indicate the standard deviation of three

independent measurements.

4.3.4. Effect of addition of potassium and sodium ions on the fluorescence
intensity of RNase A/AuNCs and FA-rGO-RNase A/AuNCs.
K* is one of the predominant ions in living cells with extracellular concentration (in serum)
of around 3.5-5.3 mM115120.121 ' The normal concentrations of K* are about 40-120 mM
in urine, 5-10 mM in sweat and about 30 mM in salivat3!. Erythrocytes and epidermal
cells have higher intracellular K* with homeostasis concentrations of 200 and 475 mM,
respectively, while the intracellular K* concentration for myocytes is even higher (at mole

levels)!?s,
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In this study, the effect of the addition of Na* and K* ions on the fluorescence intensity
of RNase A/AuNCs and FA-rGO-RNase A/AuNCs is investigated. As depicted in Figure
S4.2, the addition of K* into RNase A/AuNCs increased its fluorescence, with a linear
dynamic range from 0 to 800 mM as well as a LOD of 74 mM. On the other hand, Figure
4.6 show that the addition of K* into FA-rGO-RNase A/AuNCs recovered its fluorescence,
with a linear dynamic range from 0 to 125 mM as well as a LOD of 15.7 mM under
physiological conditions (pH 7.4). It is observed that the nanoplatform which initially
quenched by FA-rGO can achieve 4.7-fold lower LOD than the nanoplatform composed
of RNase A/AuNCs only. Both these nanoplatforms exhibit “turn-on” fluorescence of
about 14-15 % and are sufficiently sensitive to detect the intracellular concentrations of
K* which is typically about 150 mM.
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Figure 4.6 Sensitive detection of K* using FA-rGO-RNase A/AuNCs. (A) Fluorescence
intensity of FA-rGO-RNase A/AuNCs by varying the concentration of K*. The relative
concentrations of K* were 0, 7.5, 10, 15, 8.75, 25, 50, 75 and 125 mM at Aex= 365 nm.
(B) Relationship between the fluorescence recovery values (F-Fo)/Fo and the target
concentrations. (C) Linear response of the fluorescence recovery values (F-Fo)/Fo to the
concentration of K*. Error bars are the standard deviation of three repetitive

experiments.
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Clinical trials showed that the recommended Na* intake in adults should be below 100
mmol (about 2.3 g of Na* or 5.8 g of salt per day)!3®. Any deviation in the blood ionic
equilibrium may increase the risk of stroke, heart failure, diabetes, and kidney
problems?18:128:136 ' Ag shown in Figure S4.3, the addition of Na* into the RNase A/AuNCs
enhanced its fluorescence, with a linear dynamic range from 0 to 700 mM and a LOD of
49 mM. Meanwhile, Figure 4.7 demonstrates that the addition of Na* into FA-rGO-RNase
A/AuUNCs recovered its fluorescence, with a linear dynamic range from 0 to 1000 mM as
well as a LOD of 110 mM of Na* under a pH of 7.4. The nanoplatform with RNase A/AuNCs
achieved only 2.2-fold lower LOD than the nanoplatform that was initially quenched with
FA-rGO. Both nanoplatforms displayed a “turn-on” fluorescence of about 19-20 % and
are satisfactory to detect the normal concentration of Na* in serum which is around 135-
148 mM under physiological conditions!18:121,

It is speculated that the fluorescence “turn-on” mechanism after the addition of Na* and
K* is due to photo-induced intramolecular electron transfer, a method for the sensitive
detection of cations in solution based on a host-guest (ion) recognition site that is
covalently linked to a chromophore!?®, Na* and K* binding to the protein RNase A surface
is due to the local cation-specific interactions with the anionic carboxylate group in Glu
and Asp side chains on the protein backbone!®®,

In addition, Na* and K* possess the same charge and are closely similar in ionic radius
(116 and 152 pm, respectively) as well as spatial orbital design3l. Even though Na* has
a smaller ionic radius, but it possesses a higher charge density and larger hydrated radius
than K*77, Based on the simple electrostatic arguments, a cation and an anion with
similar hydration energies tend to form contact ion pairs in aqueous solutions. Na* tends
to bind stronger and has a higher affinity (at least twice) to the anionic groups on the
protein surface than K+1%6, For example, RNase A protein effectively binds to 1-2 Na* and

fewer than half the number of K1, At the same time, Na* becomes more strongly
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hydrated than K* as the free energy barrier increases. The removal of one water molecule
from the first hydration shell (in order to facilitate a direct contact) becomes increasingly
difficult!’®. Eventually, the ion binding kinetics of Na* gets slower. Therefore, it can be
observed that the fluorescence recovery of RNase A/AuNCs after the addition of Na* was
higher with higher LOD than K*.

Another possible mechanism of the fluorescence “turn-on” after the addition of Na* and
K* could be due to the oxidation/reduction reactions. In an aqueous solution, water
molecules dissociate to form hydrogen and hydroxyl ions that can be adsorbed onto the
majority of the metal oxide. The metal ions diffuse into RNase A/AuNCs, interact via ion-
exchange reactions with both positive and negative sweeps on the protein and FA-rGO
surfaces. They donate/accept a proton from the solution to form a negative and positive
surface group, respectively!3®, Therefore, the fluorescence intensity of RNase A/AuNCs
is recovered upon binding to Na* and K*.
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Figure 4.7 Sensitive detection of Na* using FA-rGO-RNase A/AuNCs. (A) Fluorescence
intensity of FA-rGO-RNase A/AuNCs by varying the concentration of Na*. The relative
concentrations of Nat were 0, 20, 25, 50, 60, 200, 600 and 1000 mM at Aex= 365 nm.
(B) Relationship between the fluorescence recovery values (F-Fo)/Fo and the target
concentrations. (C) Linear response of the fluorescence recovery values (F-Fo)/Fo to the
concentration of Na*. Error bars are the standard deviation of three repetitive

experiments.
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4.4. Conclusions

In this study, a novel nanobiosensor for the detection of metal ions using RNase
A/AuNCs-based platform has been reported. RNase A/AuNCs is synthesised using a facile
and optimised protocol. The activity of RNase A protein after the formation of RNase
A/AuUNCs is investigated using RNA detection, in which 50.8 % of RNase A was found to
be active in RNase A/AuNCs. RNase A/AuNCs is then loaded onto FA-rGO. FA-rGO is used
as a potential carrier and fluorescence quencher for RNase A/AuNCs. Finally, a
fluorescence “turn-on” sensing strategy is developed using the as-synthesised FA-rGO-
RNase A/AuNCs for the detection of Na® and K* ions. The developed nanobiosensor
reveals an excellent sensing performance and meets the sensitivity required for the
detection of both intracellular Na* and K* ions. Although the selectivity data for the
nanobiosensor have not been investigated, the selectivity is expected to increase
following pretreatment with blocking agents such as NEM. To the best of our knowledge,
this is the first work done on exploring the potential application of RNase A/AuNCs as a
metal ion sensor. This work serves as a proof-of-concept for combining the potential of
drug delivery, active targeting, and therapy on cancer cells and biosensing of metal ions

in a single platform.
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5.1. Introduction

High resolution printed electrodes/chips on plastic or paper substrates are emerging
technologies in the sensors and electronics field!’°. Examples of printed devices are LEDs,
solar cells, RFID tags, energy harvesters and capacitors!8°. With the advantages of lower
fabrication cost, larger surface area, increased flexibility, transparency and
conductivity'®, printed sensors, and electronics have shown diverse potential in
diagnostics®?,

Graphene is well known for its high electrical conductivity, mechanical flexibility and
strength, chemical stability, and biocompatibility. As a graphene precursor, GO can
transform into rGO via chemical and photo-reduction process!’?. rGO is a conductive
material with semi-metallic-like behaviour. The reduced oxygen-carbon ratio of rGO
makes it suitable for various chemical and biosensing applications. Recently, highly
conductive graphene-based thin films on flexible substrates were fabricated using a facile
3-step process!’?. The three steps include filtering of GO via nitrocellulose membranes;
laser reduction of GO surface; and lastly transferring of the resulting rGO pattern onto
new substrates via stamping method.

FA is an electroactive compound of biological origin3>:36:183  Since electroanalytical
methods are fast, simple, sensitive, and cost-effective, it will be advantageous to use
electrochemical approaches, as a proof-of-concept, to demonstrate the sensing of FR
using an FA-functionalised GO platform.

In this work, different high-resolution printing techniques were tested for direct
patterning and rGO transfer to several substrates such as photographic paper,
nitrocellulose membrane and plastic. The working and counter electrodes were laser
scribed directly on the membrane filter (MF) containing a uniform layer of GO and FA.
The MF was subjected to laser reduction, and only the reduced part was transferred onto

the substrate. This was to prepare functional laser scribed GO and GO-FA electrodes.

55



Different electrochemical approaches (cyclic voltammetry, differential pulse voltammetry,
chronoamperometry, etc.) were employed to investigate the interaction between FR and
FA using laser scribed GO-FA electrodes. All the activities carried out were clearly
reported and summarised in the following flow chart.

This fundamental research can be progressively employed to design laser scribed GO-FA
electrodes functionalised with RNase A/AuNCs. Such an excellent sensing platform paves

the way for rapid tumour diagnosis in future clinical application.
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5.2. Flow chart of the experimental methodology
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5.3. Experimental

5.3.1. Reagents and materials
BSA (96 %, Sigma Aldrich) was purchased in lyophilised powder form and used without
further purification. HAuCls solution, FA, human FR beta (295 %), EDC, NHS, poly(vinyl
alcohol) (PVA), poly(ethylene glycol) (PEG), hexaammineruthenium (III) chloride
[Ru(NH3)6Cls] redox probe, ferrocyanide/ferricyanide [Fe(CN)s]3>/4 (or Fe?*/Fe3*) redox
probe, and all other reagents were purchased from Sigma Aldrich and used as received.
Ultrapure deionised water was obtained from a Milli-Q system (Purelab Option-Q). NaOH
(1 M) and phosphate-buffered saline (10x, PBS) were purchased from Nacalai Tesque.

5.3.2. Graphene oxide filtering, reduction, and transfer
GO (10 mg/mL) was purchased from Angstrom Materials (solution N0O02-PS-1.0) and
Graphenea. The hydrophilic MF (Millipore) used had a pore size of 0.025 pm and 47 mm
of diameter. Aqueous suspensions at various concentrations were filtered through the
membrane using a 1 L vacuum-filtering flask, 300 mL glass filter holder and 47 mm SS
screen. The reduction process was made via DVD-burner enabled with lightscribe
technology, and the drawings were made with Corel Draw software. The lightscribe laser
works at 780 nm length with a resolution of 600 dots per inch!®, The reduced pattern
was transferred on new substrates using a laboratory hydraulic press machine with a
pressure of 12 ton. The new substrates were subjected to plasma cleaning using a plasma
cleaner (Harrick Plasma, USA).

5.3.3. Surface characterisation
The reduction efficiency was assessed via XPS measurements, using a Phoibos 150

hemispherical energy analyzer (SPECS GmbH, Berlin, Germany).
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5.3.4. Electrochemical characterisation
All the electrochemical measurements were performed using a potentiostat/galvanostat
(Metrohm PGStat302) connected to a computer equipped with the software General
Purpose Electrochemical System (GPES, version 4.9.007).

5.3.5. Analytical measurements
Fluorescence spectra and UV-vis absorbance were recorded using a multi-mode
microplate reader (SpectraMax M3). Hydrophobic channel/wells were created on
nitrocellulose paper strips using a wax printer (Xerox ColorQube 8580). For laser scribing,
laser engraving machine (Developower) was operated with Benbox laser engraver
software.

5.3.6. Covalent conjugation of FA onto BSA/AuNCs
FA was conjugated to amino groups on the surface of AuNCs to form FA-conjugated
BSA/AuNCs (FA-BSA/AuNCs) nanoprobes. First, FA was reacted with EDC/NHS, with the
molar ratio of FA:EDC:NHS as 2:3:4, in 1 mL of PBS solution at pH 7.4. The relative
concentrations of FA were 0.1, 0.2, 0.5, 0.7 and 1.0 mg/mL. The mixture was bath
sonicated in the dark for 2 h at 50 °C. Then, the same amount of BSA/AuNCs was added
onto the mixture. The final mixture was mixed overnight using thermomixer at 650 rpm.
All the samples were subjected to fluorescence and absorbance measurements.
The experiment was repeated with the molar ratio of FA:EDC:NHS as 1:3:4. As a control,
a sample of 1 mg/mL of FA was prepared and added with BSA/AuNCs, without the
addition of EDC/NHS. In addition, another control was prepared, where EDC/NHS was
added to the BSA/AuNCs, without FA. Few samples were selected and subjected to
purification by EMD Millipore Amicon Ultra-0.5 centrifugal filter units with a membrane
MWCO of 30 kDa, at 14 000 g for 10 min. This was done to compare the effect of
purification on the fluorescence intensity of FA-BSA/AuNCs and to ensure all the FA was

conjugated onto BSA/AuNCs.
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To investigate the interaction of FR with FA-BSA/AuNCs, an experiment was conducted
to determine if FR could recover the fluorescence quenching of FA-BSA/AuNCs. A 75 pL
of 1 yg/mL FR was added to the selected FA-BSA/AuNCs samples. The fluorescence
intensity of each sample was measured using a multi-mode microplate reader. The
experiment was repeated with 2 uyg/mL FR. BSA was used as a control.

5.3.7. Loading of BSA/AuNCs onto different GO platforms
Hydrophobic channel/wells were created on nitrocellulose paper strips using a wax
printer. The diameter of each well was about 5+0.25 mm. Different concentrations of
GO, ranging from 0-2 mg/mL, were subsequently loaded onto the wells. Each well
required 20 pL of GO solution. The nitrocellulose paper strips were air-dried overnight.
Subsequently, 5 pL of BSA/AuNCs were loaded onto each well. The fluorescence intensity
of the BSA/AuNCs was observed under a UV lamp. To quantify the fluorescence intensity
of BSA/AuUNCs, pictures of the hydrophobic wells were taken with a smartphone,
immediately and after 3 h. Evaluation of the fluorescence quenching of the BSA/AuNCs
was performed using Imagel.

5.3.8. "Drop and dry” method of GO, rGO and FA on the screen-printed

electrodes (SPEs)

SPEs were prepared and initially tested with PBS supporting electrolyte. This was to
ensure that SPEs were functional and displayed CV response. Different concentrations of
GO and rGO were prepared. The relative concentrations of GO were 0.2, 1.0 and 5.0
mg/mL while the concentration of rGO was 0.1 mg/mL. rGO selected was synthesised
using the protocol reported by Muthoosamy et al. (2015)'%4. rGO was subjected to probe
sonication of 20 kHz at 500 W for 1 h before use. The concentrations of FA were 0.2, 1.0
and 5.0 mg/mL. A 3 pL of each solution (GO, rGO and FA) was drop-casted onto the
working electrode of the SPEs by ensuring the surface area of the working electrode was

fully covered. Three replicates were prepared for each solution at each concentration.
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The SPEs were air-dried before subjecting to cyclic voltammetry (CV) and differential
pulse voltammetry (DPV), with PBS and Fe?*/Fe3* redox probe. The final concentration
of Fe2*/Fe3* redox probe was 1.57 mM.

5.3.9. Preparation of laser-scribed graphene electrodes using direct laser

DVD-burner and laser engraving machine

For laser scribing, two different laser machines were used. First, the laser engraving
machine (as shown in Figure 5.1A) was operated with Benbox laser engraver software.
The machine was operated with the settings: low light intensity (21°), intensity (22°°),
speed (800 mm/s), time (200 ms), 1l-step with a scan by line carve mode and a
continuous engraving. For direct laser reduction on the DVD drive, CDBurnerXP and
LightScribe software were used. The design of the electrodes for laser scribing using DVD
drive is shown in Figure 5.1B. For each electrode, only the working electrode and counter
electrode were reduced by laser. The reference electrode was hand-drawn with silver

inks after the laser reduction was completed.

=
[ MK

Figure 5.1. Preparation of laser-scribed electrodes. (A) Laser engraving machine. (B)

Design of the electrodes for laser scribing on a DVD drive.
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The electrochemical measurements of the laser scribed electrodes were performed with
Autolab GPES software. The scan rate was 100 mV.s!. CV and chronoamperometry (CA)
were used to study the parameters such as anodic and cathodic peak potential and
current density. CV was recorded at the start potential from -0.8 V to first vertex
potential at 1.2 V, followed by second vertex potential at -0.8 V, with a scan rate of 100
mV.s! with a step potential of 5 mV. DPV was recorded within the potential range from
-0.8 to 0.8 V under modulation amplitude of 25 mV with a step potential of 10 mV. Four
different approaches were attempted to determine the most suitable method and
substrate for the fabrication of laser-scribed graphene electrodes.

5.3.9.1. Laser scribing of MF loaded with the mixture of GO and FA on the

DVD drive

A 70 mL of 1 mg/mL GO was sonicated using ultrasonic probe at 125 W for 2 h to form
NGO (nano-GO). A 20 mL of 1 mg/mL NGO was mixed with 3.5 mL of 2.5 mg/mL FA.
The mixture was subjected to magnetic stirring overnight. A 5 mL of the mixture was
filtered using MF with a pore size of 0.025 pym. The bottom of the MF was dried using
nitrogen gas. Then, the MF was attached on DVD drive using double-sided tape. Laser
scribing was done on the working electrode only, with 3-reduction steps.

5.3.9.2. Laser scribing of PET drop-casted with the mixture of GO and FA on

the DVD drive

A 30 mL of 10 mg/mL NGO was mixed with 15 mL of 10 mg/mL FA. At the same time,
polyethylene terephthalate (PET) was treated with a plasma cleaner for 8-10 min. Then,
about 8-10 mL of the mixture was drop-casted onto the PET and allowed for homogenous
deposition. The PET was dried on the hotplate before cutting into shapes of a CD and
attached on a DVD drive using double-sided tape. Laser scribing was done at different

reduction steps (from 1 to 5) to compare the efficiency of the reduction.
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5.3.9.3. Laser scribing of PET drop-casted with GO
A 10 mg/mL GO was prepared. About 8-10 mL of GO was drop-casted onto the PET. The
PET was dried on the hotplate. Laser scribing was done at different reduction steps (from
3 to 5) using a laser engraving machine to compare the efficiency of the reduction.
Meanwhile, the functionality of the electrodes was compared between the reduction of
all the three electrodes (working, counter and reference electrodes) and the reduction of
working and counter electrodes only. The experiment was repeated with 5 mg/mL GO.
When the reduction was completed, silver inks and dielectric inks were hand-drawn on
the laser-scribed electrodes. The electrodes were dried in the drying oven for 20-30 min
at 125 °C before subjecting to CV analysis.
5.3.9.4. Laser scribing of photographic paper and PET containing GO
transferred from MF

A 5 mL of 0.5 mg/mL GO was filtered using MF with a pore size of 0.025 ym. The PET
was treated with plasma cleaner for 8-10 min. GO on the MF was transferred onto
photographic paper by a stamping method. The photographic paper was subjected to
laser scribing using a laser engraving machine at 5-reduction steps. When the reduction
was completed, silver inks and dielectric inks were hand-drawn on the laser-scribed
electrodes. The electrodes were dried in the oven for 20-30 min at about 125 °C before
subjecting to CV analysis with PBS supporting electrolyte and different concentrations of
Fe2*/Fe3* redox probe. The experiment was repeated with 0.1 mg/mL GO. Lastly, the
same experiment was repeated with the use of PET as the substrate instead of
photographic paper.

5.3.10.Preparation of laser-scribed GO and GO-FA electrodes using laser

DVD-burner with a 3-step process

Both the laser scribed GO and GO-FA electrodes were prepared using a DVD-burner laser

with a 3-step process, following a modified protocol of Giacomelli et al. (2020)7°. The
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objectives of this work were to test the reproducibility of the as-prepared laser scribed
GO and GO-FA electrodes and to determine the effect of the addition of FA on the
electrodes, using CV, CA and DPV. For the preparation of the laser scribed GO electrodes,
10 mL of 0.1 mg/mL GO was filtered using MF with a pore size of 0.025 um. Four different
MFs were prepared. The MFs were attached on the DVD drive using double-sided tape.
It was important to ensure no bubbles on the surface of the DVD drive, and the surface
must be flat. The DVD drive was subjected to laser scribing at 5-reduction steps. When
the reduction was completed, the reduced GO (rGO) was transferred from the MF onto
PET using a hydraulic press. Next, silver inks and dielectric inks were added on the laser-
scribed GO electrodes. The electrodes were dried in the drying oven for 20-30 min at
125 °C before subjecting to CV analysis with PBS and Fe?*/Fe3* redox probe. A 5 pL of
10 mg/mL FA was added onto the surface of the working electrodes and allowed to dry
overnight. The same electrodes were subjected to CV with PBS. The excess or unattached
FA on the working electrodes were washed with PBS, before subjecting to another CV
analysis with PBS. This serves as a proof-of-concept of the effects of addition of FA onto
the GO platform.

5.3.10.1. Optimisation of preparation of laser-scribed GO and GO-FA

electrodes

For optimisation of the preparation of laser-scribed GO-FA electrodes, four pieces of MFs
were filtered with 10 mL solution containing 1 mg of GO and 10 mg of FA. The MFs were
attached on the DVD drive using double-sided tape. The DVD was subjected to laser
scribing at 5-reduction steps. When the reduction was completed, the rGO and (reduced)
FA were transferred from the MF onto PET using a hydraulic press. Next, the silver inks
and dielectric inks were hand-drawn on the laser-scribed electrodes. The electrodes were

dried in the drying oven before subjecting to CV analysis with PBS.
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In this work, the reproducibility of the GO electrodes (10 mL, 0.1 mg/mL) was studied,
followed by preparation of laser scribed GO-FA electrodes (1 mg/mL of GO and 10 mg of
FA in 10 mL).

5.3.10.2. Preparation of laser-scribed GO-FA electrodes using filtration by

layers

The mixture used in the preparation of laser scribed GO-FA electrodes was composed of
GO and FA. With this, four pieces of FMs were filtered by layers with different ratios of
GO:FA. The final mixture of each MF contained 1 mg of GO with 10 mg of FA in 10 mL.

The design of each filtration by layers is as follows.

| Design 1 Design 2 Design 3 Design 4
GO GO
GO +FA FA GO GO
GO GO FA GO + FA

5.3.10.3. Preparation of laser-scribed GO-FA electrodes using different
concentration ratios of GO:FA

Laser scribed GO-FA electrodes were prepared using different concentration ratios of
GO:FA. PET was used as the substrate. Different concentration ratios of GA:FA were
tested, including 1:5, 1:1, 2:1 and 8:1. The concentration of GO used was fixed at 0.1
mg/mL in 10 mL. After confirming the reproducibility of each batch of electrodes, the
electrochemical behaviours of the electrodes were studied using CV and DPV. The laser
scribed GO-FA electrodes with ratio GO:FA of 1:1 and 8:1 were selected for further
electrochemical studies with the use of FR as analyte.

5.3.10.4. Effect of addition of FR of laser scribed GO and GO-FA electrodes
Functional laser scribed GO electrodes and GO-FA electrodes from the previous

experiments (with ratio GO:FA of 1:1 and 8:1) were prepared. DPV of all the selected
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electrodes were measured and recorded. The working electrode of each electrode was
modified with 3 pyL of 2 pg/mL FR. The electrodes were air-dried before washing the un-
bound FR on working electrodes with PBS. The electrodes were air-dried before CV and
DPV analysis. The final concentration of Fe?*/Fe3* redox probe was 1.57 mM, which
composed of 50 pL of PBS at pH 7.4 and 20 pL of 5.5 mM Fe?*/Fe3* in 0.01 M KCI. The
results were recorded and analysed.

The experiments were repeated with different concentrations of FR (7.6, 38 and 190
ng/mL). Functional laser scribed GO electrodes and GO-FA electrodes (with ratio GO:FA
of 1:1) were prepared. The concentration of GO and FA used in preparing the GO-FA
mixture were both 0.1 mg/mL, with the final volume of 10 mL prepared for each MF. The
working electrode was modified with 3 pL of different concentrations of FR. Five replicates
were prepared for each concentration of FR. The un-bound FR was removed from working
electrodes after 5 min by washing the working electrodes twice with 20 pyL of PBS before
air-drying and subjecting to CV and DPV analysis.

The experiments were repeated with extra precaution steps such as all the selected
electrodes have almost similar area of the working electrode and net basal current,
human and pipetting errors were reduced to a minimum, the location of the electrode on
MF during laser scribing was recorded, etc.

In addition, laser scribed GO, and GO-FA electrodes were prepared for modification with
3 pL of 7.6 ng/mL FR. The electrodes were subjected to electrochemical impedance
spectroscopy (EIS) study to confirm the interaction between FR and FA on the laser
scribed GO-FA electrodes. As displayed in Figure 5.1B, one complete laser reduction
using DVD burner produced 24 electrodes. The laser reduction was incomplete
sometimes, with only 58 % or about 14 electrodes were completely reduced per DVD,
per reduction. Therefore, the reproducibility of functional laser scribed GO, and GO-FA

electrodes required optimisation. Hence, an experiment to study the correlation between
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the position of the electrodes on the DVD during laser scribing and net basal current of
the electrodes was conducted. The positions of the electrodes on the DVD during laser
scribing were recorded. CV and DPV analysis were carried out. The final concentration of
Fe2*/Fe3* redox probe was recorded as 1.57 mM. The functionality, reproducibility and
basal current of the as-synthesised electrodes were checked and evaluated. Only the
electrodes that gave CV/DPV signal were chosen for the next stage of the investigation.
An experiment to investigate the interaction between FR and Fe?*/Fe3* redox probe was
conducted using SPEs. The functionality of SPEs was confirmed with PBS and Fe?*/Fe3*
redox probe. The surface of the SPEs was cleaned with deionised water and allowed to
dry before use. DPV was conducted with PBS and Fe?*/Fe3* redox probe with the final
concentration of 1.57 mM. Then, 3 pL of 7.6 ng/mL FR was added onto the SPEs. In this
case, the final concentration of Fe?*/Fe3* redox probe was 1.51 mM. DPV of the SPEs
was checked and recorded.

5.3.11.Investigation on the sensitivity of the laser-scribed GO electrodes,

in comparison to SPEs

SPEs and laser-scribed GO electrodes were prepared. All the electrodes were subjected
to analysis in PBS buffer. This was to ensure the electrodes were functional and gave a
response to CV analysis. The selected electrodes were subjected to electrochemical
studies, using CV and DPV, with the concentrations of Fe?*/Fe3* redox probe as 0, 0.50,
0.92, 1.27, 1.57 and 1.83 mM. Three replicates of electrodes were prepared for testing
with each concentration of the redox probe.

5.3.12.Effects of light exposure and laser scribing on FA
In preparation of laser-scribed GO-FA electrodes, it was important to ensure that the
functionality of FA in the GO-FA mixture was not affected by exposure to light and laser
scribing. Two preliminary experiments were conducted to investigate the effects of light

exposure and laser scribing on FA. Briefly, 1 and 5 mg/mL FA were prepared in triplicates
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and subjected to absorbance measurements using a microplate reader. Then, FA was
exposed to DC regulated illuminator for 5 min before subjecting to absorbance
measurements using a microplate reader.
In addition, two pieces of MFs were prepared, filtered with 10 mL of FA (1 mg/mL), and
attached to a DVD. The DVD was then laser scribed at 5-reduction steps. The surface of
the MFs was observed after each reduction.
5.3.13.XPS characterisation of the laser scribed GO and GO-FA electrodes
To analyse the surface chemistry of the laser scribed GO and GO-FA electrodes, the
following samples were prepared and characterised using XPS.
i. Working electrode of laser scribed GO electrode
ii. Working electrode of laser scribed GO-FA electrode
iii. MF filtered with a mixture of GO-FA dissolved in PBS
iv. MF filtered with a mixture of GO-FA dissolved in deionised water
5.3.14.Electrochemical reversibility studies of Fe?*/Fe3* redox probe on
SPEs, laser-scribed GO and GO-FA electrodes
The functionality of the electrodes was initially determined in PBS. Only the electrodes
that gave CV response were selected. An SPE, laser-scribed GO and GO-FA electrode
were chosen. Measurement of the CV signal was conducted in PBS and Fe?*/Fe3* redox
probe, at the scan rate of 100 mV.st. The final concentration of Fe?*/Fe3* redox probe
was 1.57 mM. The measurement was repeated for 10 times, with an intermittent pause
in between each scan. The anodic peak potential and peak current for each CV scans
were recorded and compared. The CV measurement was repeated for another 10
continuous scans. This was to confirm if the differences in the peak potential and peak
current between each scan were significant. Next, the CV measurement was repeated

with three continuous scans for each electrode, at five different scan rates (20, 80, 150,
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230 and 300 mV.s'). Only the anodic peak potential and peak current at the 3rd CV scan
were recorded.

5.3.15.CV studies of SPEs, laser-scribed GO and GO-FA electrodes with the

use of Ru(NHs3)esCls as a redox probe

Three SPEs, six laser-scribed GO electrodes and six laser-scribed GO-FA electrodes were
chosen. The functionality, cathodic peak potential and peak current of the electrodes
were checked and recorded. The surface of the working electrodes was modified with 3
ML of 7.6 ng/mL FR. After 5 min, FR was removed from the surface of working electrodes
and washed with 20 uL of PBS, twice. The electrochemical performance was determined
using CV analysis once the surface was fully dried. A 50 pL of 1 mM Ru(NH3)sCls was
used as a redox probe. As a control, 3 puL of 7.6 ng/mL FR was added directly onto the
drop of 50 pL of 1 mM of Ru(NH3)sCls on the SPEs. The CV signal was checked and
recorded.

5.3.16.Reproducibility of laser scribed GO-FA electrodes and its effect on

the addition of FR in Ru(NH3)eCls redox probe

A 50 pL of 1 mM Ru(NH3)eCls was used as a redox probe in the electrochemical
measurements. The functionality of the electrodes was first checked with PBS. Only the
laser scribed GO-FA electrodes that gave CV response were selected. The initial CV, DPV
and EIS signals of the electrodes were checked and recorded. All the electrodes were
divided into four groups, with five electrodes in each group. Each group of electrodes
were subjected to modification with different concentrations of FR, which were 0.1, 1.0,
10.0 and 40.0 ng/mL, respectively. The CV, DPV and EIS signals of the electrodes were

checked and recorded after the surface of the electrodes has dried.
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5.3.17.Modification on the surface of working electrodes of SPEs with
polymers

Biocompatible conducting polymers, such as polyaniline, chitosan, PEG, etc., have a
flexible chemical structure. These conducting polymers can be used as a matrix for
entrapment of enzymes, where they can efficiently transfer electric charge produced in
a biochemical reaction to an electronic circuit. Moreover, they can be deposited over
definite areas of electrodes!®.
In this study, two different conducting polymers, PVA and PEG, were selected. The study
aimed to investigate if the conducting polymers aid in the immobilisation and stabilisation
of FA on the working electrodes of SPEs.
Before the experiments, the functionality of the SPEs was first checked in PBS. Only the
SPEs that gave CV response were selected. The basal current for CV and DPV of the SPEs
were measured and recorded. The SPEs with a relativity stable basal CV and DPV current
were grouped and selected.
5.3.17.1. Modification on the surface of working electrodes of SPEs with PVA
A 3 % of PVA (30 mg/mL) was dissolved in deionised water at 90 °C for 2 h. Five different
solutions, each with a final volume of 200 pL, were prepared as follows:
i. PVA only
ii. The ratio of PVA:FA as 1:1 in PBS
iii. The ratio of PVA:FA as 1:1 in deionised water
iv. FA dissolved in PBS
v. FA dissolved in deionised water
Briefly, 3 pL of each solution was loaded onto the working electrode of the SPE. Two
replicates of the SPEs were prepared for each solution. Then, the SPEs were air-dried.

The surface of the SPEs was washed gently with deionised water and dried using N; gas.
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CV and DPV of the SPEs were measured and recorded, with the use of Ru(NH3)eCls as a
redox probe.
5.3.17.2. Modification on the surface of working electrodes of SPEs with PEG
The modification was done following a modified protocol of Xu et al. (2012)*8, A 2 mg/mL
PEG was prepared using deionised water. Three different groups of SPEs were labelled,
as follows:
i. PEG only
ii. The ratio of PEG:FA as 20:1 in PBS
iii. The ratio of PEG:FA as 20:1 in deionised water
Briefly, 5 yL of 2 mg/mL PEG was loaded onto the working electrode of the SPEs.
Triplicates of the SPEs were prepared for each group. The SPEs were incubated at 4 °C
overnight to allow passive adsorption of the PEG onto the surface of the SPEs. The
surface of the SPEs was washed gently using deionised water and dried using N; gas.
Then, 3 pL of FA was added. The SPEs were air-dried. The surface of the SPEs was
washed gently with deionised water and dried using N, gas. DPV of the SPEs was
measured and recorded, with the use of Ru(NH3)esCls as a redox probe.
5.4. Results and Discussion

5.4.1. Covalent conjugation of FA onto BSA/AuNCs
Hemmateenajad et al. (2014)37 reported the effect of the addition of FA onto BSA/AuNCs
using a titration method. It was found that FA quenched the fluorescence of BSA/AuNCs
with a linear range of 0.12-33.12 pg/mL and detection limit of 18.3 ng/mL. It was
speculated that the fluorescence quenching was due to cross-linking of the BSA
molecules, as BSA acts as a stabiliser in BSA/AuNCs. The interaction of BSA and Au
atoms was disrupted upon addition of FA.
As displayed in Figure 5.2, the higher the concentrations of FA, the higher the

fluorescence quenching of BSA/AuNCs. It was also found that direct addition of FA onto
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BSA/AuNCs, without covalent bonding, using EDC/NHS linker, resulted in 87 %
fluorescence quenching of BSA/AuNCs. On the other hand, the mixture of the linker
EDC/NHS and BSA/AuNCs, without the addition of FA, led to 91-94 % fluorescence
quenching of BSA/AuNCs. This showed that the use of EDC/NHS linker affected the
fluorescence intensity of BSA/AuNCs. Thus, it was misleading to claim that the
fluorescence quenching of BSA/AuNCs was due to successful conjugation of FA onto
BSA/AuNCs.

It was suspected that the surface chemistry of BSA/AuNCs made it more susceptible to
any functionalisation. The Au oxidation state could affect the QY and fluorescence
stability of BSA/AuNCs. Another possible mechanism contributing to the fluorescence
quenching of BSA/AuNCs could be due to protein unfolding or alterations in the protein
secondary structures upon FA complexation. FA interacts with BSA via both hydrophobic
and hydrophilic contacts. BSA might act as a carrier protein for FA®8. The present work
also emphasised the importance of purification from the excess of FA, while purification
has little effect (1.6 %) on pure BSA/AuNCs. This further confirmed the synthesis
protocol since most of the BSA reacted with AuNCs.

In addition, it was found that the addition of FR could not recover the fluorescence
intensity of the quenched FA-BSA/AuNCs. This could be due to low concentrations of FR
(1 and 2 pyg/mL) were selected, which is not sufficient to perturb the interaction of FA

with BSA/AuNCs.
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Figure 5.2 Effect of addition of FA onto BSA/AuNCs. (A) Fluorescence intensity of
BSA/AuNCs at Aem= 365 nm. The relative concentrations of FA were 0.1, 0.2, 0.5, 0.7
and 1.0 mg/mL. (B) Fluorescence quenching values of BSA/AuNCs by varying the

concentrations of FA.

5.4.2. Loading of BSA/AuNCs onto different GO platforms

The wells were successfully wax-printed on nitrocellulose paper strip (as shown in Figure
5.3A). As a proof-of-concept, Figure 5.3B and 5.3C confirmed the reproducibility of the
GO platform, with immediate fluorescence quenching observed when the BSA/AuNCs
interacted with GO. The fluorescence intensity of BSA/AuNCs was higher when the
images were taken immediately, than after 3 h. This property is promising for biosensor
applications changes are revealed in the shortest amount of time, after detection. In
addition, the response was amount dependent as increased fluorescence quenching was
observed with increased concentration of GO. From Figure 5.3C, 1 mg/mL GO appeared
to be the optimal concentration for fluorescence quenching of BSA/AuNCs.

However, the deposition of different concentrations of GO on paper strips was not
homogeneous, as shown in Figure 5.3A. Uneven white spots and coffee ring effects were
clearly observed in the wells. Different concentrations of GO were also deposited on

different substrates, such as glass fibre, photographic paper, plastic (Figure 5.4A and
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5.4B) and nitrocellulose membrane (Figure 5.4C), to create a homogeneous and
functional GO platform.

Different methods were devised to allow more homogeneous loading of GO onto the
paper-based platforms, including sonication of GO before use, resuspension of GO upon
loading onto paper-strip, placed the paper strip on top of thermomixer for gentle
deposition, etc. However, it was observed that the deposition of GO remained non-
homogeneous in most of the substrates. It was suggested that pretreatment of the
nitrocellulose paper strip using plasma cleaner and addition of surfactant might reduce
the coffee ring effects. In short, more efforts were needed to create a homogeneous GO

platform.
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Figure 5.3 Loading of BSA/AuNCs onto nitrocellulose paper strip. (A) Paper strip loaded
with different concentrations of GO. (B) Paper strip loaded with different concentrations
of GO, immediately (left) and after 3 h (right) loaded with the same concentration of
BSA/AuNCs, when exposed under UV light. (C) Fluorescence intensity of the BSA/AuNCs

after loading onto different concentrations of GO on a paper strip.
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Figure 5.4 Different concentrations of GO loaded onto different platforms. (A) Plastic

s

sheets loaded with different concentrations of GO. (B) Paper-strip designed with different
concentrations of GO loaded on plastic-based wells, from 0.25-10.0 mg/mL GO, with
three replicates. (C) Different concentrations of GO loaded onto a nitrocellulose-based

platform.

5.4.3. “Drop and dry” method of GO, rGO and FA on the SPEs

Depending on the degree of oxidation, GO shows low electrical conductivity causing an
insulating or semi-conducting behaviour while rGO shows excellent electrical conductivity.
The repulsion of ferri/ferrocyanide ions with negatively charged functional groups of GO
sheets could be another possible factor for the decrease in the DPV signals. The electrical
properties of GO can be tuned by changing the concentrations of oxygen containing
compounds.

In Figure 5.5, DPV analysis showed that after modification of working electrodes of the
SPEs with GO or rGO, the current obtained for all the electrodes were higher than the
un-modified surface (bare SPEs). In addition, the higher the concentration of GO loaded
onto the working electrodes, the higher the current and basal DPV signals obtained. This
could be due to improved kinetics of the Fe?*/Fe3* redox probe at the SPEs at higher

concentrations of GO, which decreased the charge transfer resistance, accelerated
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electron transfer, lower phase shift and smaller impedance of the system?'®’. This
suggested that the mechanism of the Fe?*/Fe3* redox probe required further studies.
On the other hand, the current obtained with 0.1 mg/mL rGO was lower than 0.2 mg/mL
GO but higher than bare SPEs. This could be due to the lower concentration of rGO used.
Another possible reason is that the reduction of the GO flakes was incomplete and not
able to restore the n-conjugation in the graphitic structure of rGO.18 Moreover, the
presence of stacked graphene flakes resulted in significant flake-to-flake resistance in
the rGO used!®°.

As shown in Figure 5.6A and 5.6B, CV and DPV response were observed for the SPEs
modified with FA, except for the SPEs modified with 5.0 mg/mL FA. It was suspected
that 5.0 mg/mL was too concentrated for modification on the electrodes. It was tricky to
prepare a homogeneous mixture of FA on the surface of working electrodes. FA was
found to detach easily from the working electrodes after the washing step. The current
obtained before and after modification of FA on SPEs were almost similar (about 3 x 10°
A). This further substantiated that FA attached on the working electrodes was dissolved
by PBS supporting electrolyte during electrochemical measurements.

Therefore, it can be concluded that “drop & dry” method is not ideal to be employed in
studying the electrochemical properties of the materials. This is mainly because the
materials on the surface of the electrodes will easily dissolve in supporting electrolytes
and be washed away. For future work, the modification of SPEs can be done via
electrospinning of GO with the hydrophilic polymers, such as PVA, to explore its potential

application in biosensing.
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Figure 5.5 “"Drop and dry” method of GO and rGO onto the SPEs. DPV recorded after
addition of GO or rGO onto the working electrodes of SPEs, in PBS and Fe?*/Fe3* redox

probe. Each data shown is an average of two replicates of SPEs.
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Figure 5.6 Effects of the addition of FA onto SPEs. (A) CV and (B) DPV of the SPEs, after
modification with FA at 0.2, 1.0 and 5.0 mg/mL, in Fe?*/Fe3* redox probe. The data

shown is an average of two replicates of SPEs.
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5.4.4. Preparation of laser-scribed graphene electrodes using direct laser
DVD-burner and laser engraving machine
Four different approaches were taken to determine the ideal method and substrate for
the fabrication of laser-scribed graphene electrodes.
5.4.4.1. Laser scribing of MF loaded with the mixture of GO and FA on the
DVD drive
As shown in Figure 5.7A, it was observed that the working electrodes on the MF were
not fully reduced. Besides, some sections of the GO layer was detached from the MF.
This could be due to the uneven surface of the MF upon attaching on the DVD drive,
which affected the laser focus of the lens on the DVD drive.
5.4.4.2. Laser scribing of PET drop-casted with the mixture of GO and FA on
the DVD drive

As displayed in Figure 5.7B, it was challenging to achieve a homogeneous distribution of
the mixture using the drop-casting method. The reduction (even by 5 steps) cannot fully
reduce the GO. The reproducibility of electrodes using this approach was very low; it was
difficult to recover any electrodes after laser scribing.
5.4.4.3. Laser scribing of PET drop-casted with GO
As highlighted in the previous approach, it was hard to achieve a homogeneous
distribution of the mixture using the drop-casting method. It was found that reduction
by 5 steps was suitable for complete reduction of GO. The electrodes prepared with 5
reduction steps had the lowest resistance, as compared to the electrodes prepared with
3-4 reduction steps. However, no oxidation/reduction peak was observed from all the
as-prepared laser-scribed electrodes (as shown in Figure 5.7C), during CV analysis with
Fe?*/Fe3* redox probe. No obvious differences were observed between the reduction of
all the three electrodes (working, counter and reference electrodes) and the reduction of

working and counter electrodes only, during CV analysis
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Figure 5.7 Laser-scribed GO electrodes prepared using direct laser DVD-burner and laser
engraving machine. (A) Laser scribing of MF loaded with GO and FA on the DVD drive.
(B) Laser scribing of PET drop-casted with GO and FA on the DVD drive. (C) Laser scribing

of PET drop-casted with GO.

5.4.4.4. Laser scribing of photographic paper and PET containing GO
transferred from MF
For this approach, no oxidation/reduction peak was observed during CV measurement
with Fe?*/Fe3* redox probe, from all the as-prepared laser-scribed electrodes, regardless
of the use of photographic paper or PET as substrate. The current obtained during the
measurements was low, with background noise observed as well. The transfer of GO
from MF to the substrate was easier without pretreatment of the substrate with a plasma
cleaner. GO from two different companies (Angstrom Materials and Graphenea) were
compared, but still, no oxidation/reduction peak was observed during CV analysis. In
conclusion, it was confirmed to be problems with the as-prepared laser scribed electrodes
since obvious peaks were observed when tested with SPEs. This technique warrants

further investigations.
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5.4.5. Preparation of laser-scribed GO and GO-FA electrodes using laser
DVD-burner with a 3-step process

Laser DVD-burner with a 3-step process was used for the preparation of laser scribed
GO and GO-FA electrodes. From Figure 5.8A-C, it was observed that both the laser
scribed FA and GO-FA electrodes showed an oxidation peak near the potential window.
The reproducibility of the electrodes can be further improved as currently, the
reproducibility of functional electrodes in a batch was around 50 %. As shown in Figure
5.8B-C, the signal/current was reduced after the addition of FA, as well as after washing
the excess or unattached FA on the working electrodes with PBS. It can be deduced that
some FA remained on the surface of the working electrodes even after washing the
excess FA with PBS. The shoulders observed in the CV curve in Figure 5.8B could be due
to the catalytic oxidation of water, or the PBS was contaminated. For future work, it is
important to fabricate more electrodes to confirm the reproducibility and to determine

the influence of FA on electrochemical signals in the Fe?*/Fe3* redox probe.
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Figure 5.8 Laser-scribed GO and GO-FA electrodes prepared using laser DVD-burner with
a 3-step process. (A) CV recorded with laser-scribed GO-FA electrode in 50 pyL of PBS.
(B) CV and (C) CA recorded with laser-scribed GO electrode before (blue line), after

addition of FA (orange line) and after removal of excess/unattached FA, in 50 uL of PBS.

5.4.5.1. Optimisation of preparation of laser-scribed GO and GO-FA
electrodes

In this work, 1 mg of GO and 10 mg of FA were dissolved in 10 mL of deionised water.

The mixture was subjected to 15 min bath sonication to ensure GO and FA were mixed

well. However, it was observed that the rGO surface layers were brittle when removing

the MF from the DVD drive after laser scribing, as displayed in Figure 5.9A-B. This could

be due to the low concentration of GO, which resulted in thin layers and susceptible to

damage.
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The experiment was repeated with 4 mg of GO with 10 mg of FA in 10 mL of deionised
water. The filtration took nearly 2 h to complete, suspected because of bath sonication.
The effects of sonication were compared (samples with and without sonication) with the
use of laser scribed GO-FA electrodes prepared using 1 mg of GO with 10 mg of FA in 10
mL.

Although bath sonication helped in the mixing of GO and FA, it greatly slowed the rate
of filtration. This was because some of the water molecules evaporated during sonication,
making the mixture more concentrated or less volatile. Most importantly, no acceptable
CV peaks were observed from the as-prepared laser scribed GO-FA electrodes.
Meanwhile, the reproducibility rate of functional laser scribed GO electrodes (with

acceptable CV response peaks, as shown in Figure 5.9C) was about 66.7 %.
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Figure 5.9 Laser-scribed GO and GO-FA electrodes preparation using laser DVD-burner
with a 3-step process. (A, B) The rGO surface layers were brittle when trying to remove

the MF from the DVD drive after laser scribing. (C) CV recorded with laser scribed GO
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electrode (prepared with 10 mL of 0.4 mg/mL GO) in PBS (blue curve) and 1.57 mM

Fe?*/Fe3* redox probe (orange curve).

5.4.5.2. Preparation of laser-scribed GO-FA electrodes using filtration by
layers

The laser scribed GO-FA electrodes were prepared using filtration of the GO-FA mixture
by layers. The designs were as described in the methodology section. For the laser
scribed GO-FA electrodes prepared with Design 1, the bottom layer was too thin;
therefore, the surface layers on the MF were easily broken when removed from the DVD
drive. Each filtration took about 18 min. For the laser scribed GO-FA electrodes prepared
with Design 2, each filtration took about 30 min. For the laser scribed GO-FA electrodes
prepared with Design 3, it was hard to achieve a homogeneous surface layer. Each
filtration took about 13 min. Whereas for the laser scribed GO-FA electrodes prepared
with Design 4, at first, it was hard to achieve a homogeneous surface area during the
filtration. However, the surface homogeneity was improved with the addition of more
layers before the previous layer was fully dried up.

Generally, Design 4 was the most preferred. Each filtration took about 13 min.
Nevertheless, it was found that the reduction was not completely penetrating to the
bottom layer of the MF (incomplete reduction) for most of the as-prepared laser scribed
GO-FA electrodes, as shown in Figure 5.10. No obvious CV peaks were observed for most

of the as-prepared laser scribed GO-FA electrodes.
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B".

Figure 5.10 MF made up of different filtration layers using Design 4. (A) Bottom layer
was composed of 4 mL of GO and 2 mL of FA mixture, while the top layer was composed
of 4 mL of GO. (B) Bottom layer was composed of 2 mL of GO and 2 mL of FA mixture,
while the top layer was composed of 6 mL of GO. The final concentration is 1 mg/mL FA

and 0.1 mg/mL GO.

In conclusion, it can be deduced that the preparation of laser scribed GO-FA electrodes
using filtration by layers was not helpful in getting an electrochemical signal. This can be
justified by the following reasons: hard to achieve homogeneity on the MF’s surface,
incomplete laser reduction, MF surface was broken easily during removal from the DVD
drive, only the top layer of the rGO and (reduced) FA were transferred onto PET substrate,
low reproducibility of the functional electrodes, long hours of filtration for some samples
and sometimes the DVD laser has a problem in precise focusing and laser reduction.

For future work, different concentration ratios of GO:FA can be tested on both PET and
nitrocellulose membrane. The direct filtration method for GO-FA mixture and filtration
by layers method can be studied with the use of nitrocellulose membrane as the
substrate instead of using PET. It is also important to use SPEs to compare the results
obtained from PET and nitrocellulose membrane. The reproducibility of the laser scribed
GO electrodes on the nitrocellulose membrane is important for the preparation of
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functional electrodes. The thickness of the transferred GO with FA layer can be

determined using atomic force microscopy.

5.4.5.3. Preparation of laser-scribed GO-FA electrodes using different
concentration ratios of GO:FA

Laser scribed GO-FA electrodes prepared using different concentration ratios of GO:FA

were electrochemically studied. The results were presented in Figure 5.11. The

reproducibility of the functional laser scribed GO-FA electrodes (getting CV response in

PBS) was determined and as follows:

o Ratio of GO:FA = 1:5 = 25.0 %
o Ratio of GO:FA =1:1 =75.0%
o Ratio of GO:FA = 2:1 = 58.3 %
o Ratio of GO:FA =8:1 =91.7 %

The reproducibility of the laser scribed GO-FA electrodes with the concentration ratio of
GO:FA as 8:1 was better than electrodes with the concentration ratio of GO:FA as 1:1.

Generally, from CV (Figure 5.11A, Figure 5.11C) and DPV (Figure 5.11B, Figure 5.11D),
the current obtained for electrodes with the concentration ratio of GO:FA as 8:1 was
higher than the current obtained for electrodes with the concentration ratio of GO:FA as

1:1.
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Figure 5.11 Electrochemical studies of laser scribed GO-FA electrodes prepared using
different concentration ratios of GO:FA. (A) CV and (B) DPV recorded for electrodes with
a concentration ratio of GO:FA as 1:1. (C) CV and (D) DPV recorded for electrodes with
a concentration ratio of GO:FA as 8:1. For all the graphs, y-axis= current (A); x-axis=

applied voltage (V).

5.4.6. Effect of addition of FR of laser scribed GO and GO-FA electrodes

The results obtained after modification of laser scribed GO and GO-FA electrodes with 3
ML of 2 pg/mL FR were recorded and analysed. The current in all the electrodes decreased
after modification with FR. The basal net current in laser-scribed GO-FA electrodes was
higher than laser-scribed GO electrodes.

After addition of FR, the decrease in current in laser-scribed GO electrodes was more
obvious than laser-scribed GO-FA electrodes with a concentration ratio of GO:FA as 1:1
(as shown in Table 3B). The higher sensitivity and conductivity of laser-scribed GO
electrodes could be due to the presence of a higher concentration of rGO (as laser
scribing reduces GO to rGO) as compared to the concentration of rGO in laser-scribed

GO-FA electrodes.
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As shown in Table 3B, the decrease in the current of laser-scribed GO-FA electrodes with
a concentration ratio of GO:FA as 8:1 was higher than electrodes with a concentration
ratio of GO:FA as 1:1. This was due to the higher proportion of rGO in laser-scribed GO-
FA electrodes with a concentration ratio of GO:FA= 8:1, which made the electrodes more
conductive and sensitive. However, considering the potential application of laser-scribed
GO-FA electrodes for sensing of FR, laser-scribed GO-FA electrodes with a concentration
ratio of GO:FA as 1:1 were selected for a future experiment. This was mainly due to the
higher proportion of FA in GO-FA mixture with a concentration ratio of GO:FA as 1:1
(50 %), which will be necessary for sensitive and selective sensing of FR.

The changes in the current response of the electrodes before and after washing the un-
bound FR were compared. A decrease in current signal was observed after washing the
un-bound FR with PBS. It was possible that FR (that was deposited on the electrodes)
dissolved in PBS and was removed/washed after the electrochemical measurements. It
was deduced that not all FR was attached on the surface of working electrodes, perhaps
the concentration of FR used was too high or had reached the signal saturation point.
Future work can focus on the determination of the detection range of FR by trying
different concentrations of FR (lower than 2 ug/mL).

The experiment was repeated with different concentrations of FR (7.6, 38 and 190
ng/mL). It was found that the basal net current of laser scribed GO and GO-FA electrodes
measured using DPV before any modification were almost similar, which was 10.0+3.4
MA and 12.0+5.2 pA, respectively.

The current response in the laser scribed GO, and GO-FA electrodes decreased after
modification with different concentrations of FR. The average values of decrease in
current in laser scribed GO, and GO-FA electrodes after modification with 7.6, 38 and
190 ng/mL FR were presented in Table 3A. It was hard to interpret the data since the

results showed a high standard deviation (STD), even after the same experiment was
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repeated with extra precaution steps. Generally, laser-scribed GO-FA electrodes showed
a higher sensitivity towards FR than laser-scribed GO electrodes, especially at the lower
range of concentration of FRs. Future work can be carried out on using a lower

concentration of FR (less than 7.6 ng/mL) for modification on the electrodes.

Table 3 DPV results obtained after modification of laser scribed GO and GO-FA electrodes

with FR.
A
Concentrations of FRs (ng/mL)
76 | 38 | 190
Types of electrodes Percentage of decrease in current (%)

Laser-scribed GO Electrodes 3541186 54.1+31.4 47.7+13.8
Laser-scribed GO-FA Electrodes | 48.1+28.5 27.5+4.9 34.9+18.3

B
After modification with 3 pL of 2 pg/mL FR
Types of electrodes Concentration ratio of GO:FA | Percentage of decrease in current (%)
Laser-scribed GO Electrodes Nil 52.448.2
1:1 28.1+16.4
Laser-scribed GO-FA Elecirodes 81 5714115

EIS study was conducted on laser scribed GO and GO-FA electrodes after modification
with 3 pL of 7.6 ng/mL FR. A few deductions were made following the EIS data shown in
Figure 5.12. For laser scribed GO electrode, at least one chemical reaction occurred
before any modification. This suggested the interaction between rGO and Fe?*/Fe3* redox
probe. It was observed that the resistance of laser scribed GO electrode increased after
modification with FR. It was suspected due to the interaction between FR and Fe?*/Fe3*
redox probe. Another possibility was FR interacted with the rGO on laser scribed GO
electrode.

For laser scribed GO-FA electrode, at least two chemical reactions occurred before
modification with FR; while at least three chemical reactions occurred after modification
with FR. The chemical reactions could be due to the interaction between rGO and reduced
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FA with Fe?*/Fe3* redox probe, the interaction between reduced FA and FR, or the
interaction of FR with Fe?*/Fe3* redox probe.

The resistance of the laser scribed GO-FA electrode was lower than the laser scribed GO
electrode before modification with FR. In other words, FA may improve the electrical
conductivity of the electrode.

As aforementioned, after modification with FR, one chemical reaction happened in laser
scribed GO electrode; and at least three chemical reactions were happening in laser
scribed GO-FA electrode. It was deduced that there was an interaction between rGO and
Fe?*/Fe3* redox probe. However, it can be confirmed that there was no interaction
between FR with rGO and Fe?*/Fe3* redox probe. This was because if there was any
interaction, more than one chemical reaction would be observed. Meanwhile, the
interaction of reduced FA and FR, as well as the interaction between rGO and reduced
FA with the Fe?*/Fe3* redox probe were confirmed. Interaction between FR and Fe?*/Fe3*
redox probe, which was initially suspected, now can be omitted.

In short, FA improved the electrical conductivity of the electrodes. Interaction of the FR
with the reduced FA in the laser scribed GO-FA electrode was confirmed. The mechanism
of the Fe?*/Fe3* redox probe required further studies. For example, it was important to
identify if there was any interaction between the Fe?*/Fe3* redox probe with rGO, rGO
and reduced FA as well as FR. It was also suspected that the Fe?*/Fe3* redox probe
interacted with FA on the working electrodes via non-specific interaction or adsorption

and affected the electrochemical response.
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Figure 5.12 The EIS plots obtained in PBS, in the presence of 1.57 mM Fe?*/Fe3* redox
probe, on laser scribed GO and GO-FA electrode, before and after modification with 3 pL

of 7.6 ng/mL FR.

It was suspected that the position of the electrodes on the DVD during laser scribing
might affect the net basal current of the electrodes. It was challenging to achieve a
homogeneous laser reduction. Reproducibility of laser scribed GO and GO-FA electrodes
with same basal currents was also another challenge. Because of these, an experiment
to determine the effect of the position of the electrodes on the DVD and net basal current
of the electrodes was carried out.

Two sets of complete laser reduction were performed to prepare laser scribed GO and
GO-FA electrodes, respectively. From Figure 5.13A, only 13 electrodes out of 48 laser-
scribed GO electrodes were functional (shows CV response, gave DPV signal of >2.00 x
106 A). In contrast, only 23 electrodes out of 48 laser-scribed GO-FA electrodes were
functional (showed CV response, gave DPV signal of >2.00 x 10°® A) (Figure 5.13B). The
reproducibility of functional laser scribed GO, and GO-FA electrodes was 27 % and 48 %,

respectively.

90



It was observed that the surface layers on the MF were brittle when removed from the
DVD drive. The layers were detached from the MF. Treating the MF with plasma cleaner
for 3-5 min before filtration did not help prevent the detachment of the reduced surface
layers.

It was deduced that the laser reduction efficiency and resultant basal current were not
dependant on the position of the electrodes on the DVD during each round of laser
reduction. The electrochemical performances of the electrodes from the fixed position on
the DVD during laser scribing were not consistent. However, the variation in laser-scribed
electrodes was reduced to a minimum by grouping the functional electrodes (in batches)

with almost similar basal signals for modification with FR.
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Figure 5.13 Reproducibility of laser scribed GO and GO-FA electrodes. DPV curve of (A)
13 laser scribed GO electrodes and (B) 23 laser scribed GO-FA electrodes in 1.57 mM

Fe?*/Fe3* redox probe.

DPV obtained after modification of SPEs with 3 pL of 7.6 ng/mL FR is presented in Figure
5.14. An increase in current of about 17.9+8.4 % was observed in SPEs after
modification with FR. It was deduced that FR interacted with Fe?*/Fe3* redox probe and
increased the charge transfer. However, ideally, no change in current should be observed

since there was no presence of FA for interaction with FR. This preliminary investigation
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showed that FR could interact with Fe?*/Fe3* redox probe, although the

mechanism/principle behind requires further explanation.
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Figure 5.14 DPV curves of SPEs in PBS, Fe?*/Fe3* redox probe and after addition of 3 L

of 7.6 ng/mL FR.

5.4.7. Investigation on the sensitivity of the laser-scribed GO electrodes,
in comparison to SPEs

From Figure 5.15, the sensitivity of the SPEs and laser-scribed GO electrodes towards
Fe2*/Fe3* redox probe, when applied at a constant voltage, were about 0.0024 A.M™! and
0.0016 A.M1, respectively. The peaks observed when the applied potential is 0-0.5 V in
DPV of laser-scribed GO electrodes (as shown in Figure 5.15C), could be due to oxidation
of silver inks. Generally, the average sensitivity of the laser-scribed GO electrodes was
good with a sensitivity range between 0.0006-0.0016 A.M™, At increasing the
concentrations of the redox probe, the maximum peak current obtained for all electrodes

were observed to respond to the increasing trend.
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Figure 5.15 Sensitivity of the laser-scribed GO electrodes in comparison to the SPEs. (A)
DPV and (B) The current of SPEs, when applied at the voltage of 0.12 V, after addition
of redox probe at different concentrations. (C) DPV and (D) The current of laser-scribed
GO electrodes, when applied at the voltage of 0.0862 V, after addition of redox probe at
different concentrations. The relative concentrations of Fe?*/Fe3* redox probe were 0,

0.50, 0.92, 1.27, 1.57 and 1.83 mM.

5.4.8. Effects of light exposure and laser scribing on FA
From Figure 5.16A, no differences were observed in the absorbance of the FA before and
after illumination. FA is usually inactivated by UV light (10-380 nm) while the laser diodes
in DVDs is about 650 nm. It was unnecessary to protect the specimens from light before

conducting vitamin B2 and folate analysis'®l. As shown in Figure 5.16B, no scribe marks
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or any burnt areas were observed on the MFs after the laser scribing. This was because
the power from the laser diodes used in DVD burner is weak, which was only 5 mW.
Therefore, the preliminary tests further supported that the laser from DVD drive will not

destroy the structure of FA.
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Figure 5.16 Effects of light exposure on FA. (A) Absorbance spectrum of the 1 and 5
mg/mL FA before and after illumination. (B) MFs loaded with FA, after subjecting to 5-

reduction steps of laser scribing using DVD drive.

5.4.9. XPS characterisation of the laser scribed GO and GO-FA electrodes
The results obtained for XPS of the laser scribed GO and GO-FA electrodes were
presented in Table 4. C peak for laser scribed GO-FA electrode was broader than the
laser scribed GO electrode. This could be due to the presence of C-O and C-N bond. Laser
scribed GO electrode could have undergone reduction more than laser scribed GO-FA
electrode.
O peak for laser scribed GO-FA electrode was higher than the laser scribed GO electrode.
It was suspected due to the presence of the C-O bond, as the shoulder O peaks were
observed. Laser scribed GO-FA electrode was more oxidised than the laser scribed GO

electrode.
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N peak was observed in the laser scribed GO-FA electrode, but not in the laser scribed
GO electrode. The presence of N peak can be attributed to the glutamic acid in the FA!°2,
The presence of Na peak was observed in the laser scribed GO-FA electrode too. This
could be due to the solvent (PBS) of FA which contained 0.01 M phosphate buffer, 0.0027
M KCI, 0.137 M NaCl at pH 7.4, 25 °C.

The results obtained for XPS of the MF were as shown in Table 4. The O content on both
samples (a mixture of GO-FA dissolved in PBS and deionised water, respectively) were
higher than the laser scribed GO electrode, since the GO on the MFs were not subjected
to laser reduction.

Charging was observed in both samples as GO was less conductive than rGO. Some
artefacts were observed in the Cls peak of the mixture of GO-FA dissolved in deionised
water. The elemental peaks of Ols and N1s appeared to be symmetry in both the mixture
of GO-FA dissolved in PBS and deionised water.

Overall, both the laser scribed GO, and GO-FA electrodes were reduced with mostly sp2
peak. The efficiency of laser reduction was confirmed. In addition, the presence of FA in
the laser scribed GO-FA electrode was confirmed by XPS. However, doubts remain if FA
has any chemical interaction with GO, or it was simply present on the electrode. XPS
characterisation provided a positive interpretation. The elemental compositions present
on the two pieces of MFs were almost similar. Since XPS could only detect the surface of
the membrane up to 6-7 nm, more detailed analysis, such as SEM/EDX, can be

performed to understand the interactions between FA and GO.
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Table 4 XPS results obtained for working electrodes of laser scribed GO, and GO-FA

electrodes, as well as MF filtered with a mixture of GO-FA, dissolved in PBS and deionised

water.

Samples Primary XP5 region Binding energy (eV) Peak area results, %[ ]

Working electrode of the laser Cls 284.34 B7.405

scribed GO electrode O1s 533.09 11.724

M1s 399.74 0.870

Working electrode of the laser Cls 2846 g4.792

scribed GO-FA electrode O1s 532.6 13.222

MN1s 400.6 1.986

MF filtered with a mixture of GO- C1s 284.85 668.221

FA dissolved in PBS O1s 531.75 30,927

M1s 398.80 0.852

MF filtered with a mixture of GO- Cls 284.84 67.519

FA dissolved in deionised water Ois 530.84 31.595

M1s 399.34 0.885

5.4.10.Electrochemical reversibility studies of Fe?*/Fe3* redox probe on
SPEs, laser-scribed GO and GO-FA electrodes

From Figure 5.17A, a good linear fit graph was obtained for the plot of peak currents
against the square root of scan rates for all the electrodes. This proved that the electron
transfer was homogeneous, and the system has freely diffusing redox species. In other
words, it was less likely that the analyte (in this case is redox species) adsorbed onto
the electrodes before charge transfer.
For a complete reversible electron transfer, the peak potential will not change with scan
rates. It was observed that when the scan rate was increased, the oxidative peak
potential shifted to a more positive potential; in contrast, the reductive peak potential
shifted to a more negative potential, as presented in Figure 5.17B. As shown in Figure

5.17C, the anodic and cathodic peak-peak separation seemed to drift to higher potentials
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with increased scan rates. This indicates that a slower redox reaction is taking place on
the electrode’s surface.

For successive scans, the reduction of wave potential was observed. This could be due
to the concentration of the analyte, which was not completely replenished in the short
time duration; hence equilibrium on the electrode’s surface was not rapidly established.
Therefore, it took a longer time and higher potential for a scan to cycle.

The electron transfer kinetics of the Fe?*/Fe3* redox probe can be influenced by the
presence and charge state of surface carboxylate groups on the electrodes!®3. Therefore,
it was also possible that the surface of the electrode interacts with the redox probe.

In Figure 5.17D, the oxidation peak current obtained for all the electrodes varied with
the number of CV scan cycles. In general, the current obtained at the 3rd round of CV
cycles seemed to be more stable. The number of CV cycles also depends on the
reversibility of the electron transfer. Moreover, in all the previous experiment, only the
results obtained for DPV (not CV) were taken into consideration. Therefore, it is hard to
conclude that the number of CV cycles was contributing to a higher deviation.

In short, the study of surface sensitivity of electrochemical responses using Fe?*/Fe3* as
redox probe was tricky. The kinetics of the redox reaction could affect the peak
current/potential of the electrodes. Future work can be conducted by repeating the

experiment with the use of Ru(NH3)eCls as the redox probe.
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Figure 5.17 Electrochemical reversibility studies of the use of Fe?*/Fe3* redox probe on
SPEs, laser-scribed GO and GO-FA electrodes. (A) Peak current against the square root
of different scan rates of the SPEs (blue line), laser-scribed GO (orange line) and GO-FA
electrodes (grey line). (B) Anodic (represented in diamond-shaped) and cathodic peak
(represented in the cross) current of the SPEs (blue), laser-scribed GO (orange) and GO-
FA electrodes (grey) at different scan rates. (C) Peak-to-peak separation (anodic and
cathodic peak potential) against different scan rates of the SPEs (blue line), laser-scribed
GO (orange line) and GO-FA electrodes (grey line). (D) Signal stability test: Anodic peak
current of the SPEs (blue), laser-scribed GO (orange) and GO-FA electrodes (grey) at 10

different CV scan cycles.
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5.4.11.CV studies of SPEs, laser-scribed GO and GO-FA electrodes with the
use of Ru(NH:)eCls as a redox probe

A few deductions were made from the results obtained from CV. It was found that with
the use of Ru(NH3)6Cls as a redox probe, the decrease in the cathodic current of both
laser-scribed GO and GO-FA electrodes were much lower and consistent than Fe?*/Fe3*
redox probe. The current reduction for both laser-scribed GO and GO-FA electrodes were
almost similar, which was about 8.1+3.1 % and 8.8+1.1 %, respectively. However, the
results obtained for all the SPEs show a slightly bigger STD than the average.
The results obtained for both types of laser-scribed GO and GO-FA electrodes were better
than SPEs. This was because Ru(NHs)sCls redox probe is an outer-sphere probe with fast
electron transfer. Such redox probes are influenced by the electronic structure (density
of states and the Fermi level) of the electrode surface only!®. On the other hand,
Fe?*/Fe3* redox probe is an inner-sphere probe. Inner-sphere probes are influenced by
both the electronic structure and the electrode’s surface. The electron transfer rates also
change with the surface functional groups (adsorption sites) and surface chemistry!®3,
Given that Ru(NH3)sCls is a near-ideal outer-sphere electron transfer redox probe, for
future studies, it is suggested to determine a wider range of FR, using CV and EIS with
Ru(NHs)eCls as a redox probe.

5.4.12.Reproducibility of laser scribed GO-FA electrodes and its effect on

the addition of FR in Ru(NH3)eCls; redox probe

As shown in Figure 5.18A and 5.18B, the initial CV and DPV signals for all the laser
scribed GO-FA electrodes were very consistent and reproducible (up to 96 %), when
using Ru(NH3)sClz as a redox probe. The average cathodic and anodic current obtained
using CV were about -6.8E-06+2.4E-07 A and 1.1E-05+1.5E-07 A, respectively. For DPV,

the basal current was at -9.5E-06+7.6E-07 A.
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For CV, a decrease in current was observed for most electrodes after modification with
FR, with a bigger change in the cathodic peak than the anodic peak. The results for
modification with 1.0 and 10.0 ng/mL of FR were consistent.

However, for DPV, an increase of current was observed for most of the electrodes after
modification with FR. The difference before and after modifications were not significant,
as compared to CV.

As mentioned in the experimental section, all the electrodes were divided into four
groups, with five electrodes in each group. Each group of electrodes were subjected to
modification with different concentrations of FR, which were 0.1, 1.0, 10.0 and 40.0
ng/mL, respectively. For EIS, not all the electrodes in each group gave consistent results
and showed significant changes in EIS signals after modification with FR. The semicircle
in the high-frequency region almost disappeared, suggesting that the electrode reaction
was controlled by a diffusion-limited process. The charge transfer resistance was also
high.

In short, the reproducibility of the laser scribed GO-FA electrodes with the use of
Ru(NH3)eCls as a redox probe was confirmed. However, more optimisation work is needed
to determine the interaction between FR and reduced FA on the laser scribed GO-FA
electrodes.

Future work can focus on studying the electrochemical reversibility of the Ru(NH3)esCl3
redox probe; comparing the data obtained with both Fe?*/Fe3* and Ru(NHs)eCls redox
probe; obtaining a calibration curve before and after modification with FR and modifying
the electrodes with higher concentrations of FRs (such as more than 40 ng/mL) for proof-

of-concept.
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Figure 5.18 Reproducibility of laser scribed GO-FA electrodes in Ru(NH3)sCls redox probe.
(A) CV and (B) DPV of the laser scribed GO-FA electrodes prior to any modification with

FR.

5.4.13.Modification on the surface of working electrodes of SPEs with
polymers

The results obtained after the modification of the surface of working electrodes of SPEs
with PVA and PEG were discussed.
5.4.13.1. Modification on the surface of working electrodes of SPEs with PVA
For CV, a reduction of cathodic current was observed for all the SPEs after modification
with PVA. The cathodic current of the SPEs modified with FA in PBS, and deionised water
was reduced to about 11.9+1.0 % and 15.2+0.1 %.
PVA was found to reduce the anodic current of the SPEs to about 12.8+0.3 %. STD of
anodic currents was found to be smaller as compared to the cathodic current of the SPEs
modified with PVA. The mixture of PVA-FA dissolved in deionised water shows an increase
in anodic current by 8.6+1.4 %. Reduction of the anodic current of FA dissolved in PBS

(by 4.7£0.5 %) was higher than FA dissolved in deionised water (by 0.5+1.4 %).
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For DPV, an increase in current was observed for all groups of SPEs. The SPEs with PVA,
a mixture of PVA-FA dissolved in PBS, a mixture of PVA-FA dissolved in deionised water
show an increase of 35.7£0.2 %, 39.8+7.9 % and 49.1+12.1 %, respectively.
Potential of the SPEs was not changed when modified the surface of working electrodes
with FA dissolved in deionised water and PBS. The results obtained with DPV were more
consistent than the CV.

It was suspected that PVA film was removed or interacted with the Ru(NH3)sCls redox
probe. The film appeared to be removed after a 2nd wash using deionised water. There
was an additional peak observed for DPV of the SPEs modified with FA.

5.4.13.2. Modification on the surface of working electrodes of SPEs with PEG
For DPV, modification on the surface of working electrodes with PEG increased the
current at about 11.4+8.9 %. In the presence of PEG, an increase in current for SPEs
modified with FA dissolved in deionised water (50.1+9.9 %) was higher (almost double)
than FA dissolved in PBS (21.6+9.8 %). STD obtained for the triplicates of SPEs after
modification with PEG was high (about 8.8-9.8 %), even though all the SPEs have shown
an increase in current.

In short, modification of the surface of working electrodes with PVA and PEG improved
the electrical conductivity of the SPEs. However, PVA and PEG film could interact with
the redox probe and be removed after 2nd or 3rd wash with deionised water. It was
found that subjecting the SPEs to 5 min of plasma cleaning prior to use is not ideal.
Plasma cleaning increased the hydrophilicity of the SPEs, made the analyte dispersed
easily and not possible to be trapped on the surface of the working electrodes.

5.5. Conclusions

In the previous chapters, a facile and optimised protocol for the synthesis of fluorescent
BSA/AuNCs and RNase A/AuNCs was developed. Different characterisation tests for

BSA/AuNCs and RNase A/AuNCs were conducted. In chapter 3, we reported a novel
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nanobiosensor composed of BSA/AuNCs, rGO and FA for sensitive and selective detection
of GSH. The nanosensing of GSH was based on “turn-off” fluorescence. In chapter 4,
RNase A/AuNCs were integrated with FA and rGO for sensing of metal ions (Na* and K*),
based on “turn-off/turn-on” fluorescence strategy.

This chapter began with covalent conjugation of FA onto BSA/AuNCs. This was to
determine the effect of the conjugation of FA onto BSA/AuNCs via EDC/NHS, and its
potential as an FR targeting agent. However, it was found that the use of EDC and NHS
linkers quenched the fluorescence intensity of BSA/AuNCs. FA was found to be able to
act as a fluorescence quencher for BSA/AuNCs, without the need of GO platform. It was,
therefore, deduced that the use of FA-conjugated BSA/AuNCs for targeting of FR could
be challenging, as it involved complicated fluorescence mechanism.

Meanwhile, different GO platforms for loading of BSA/AuNCs were studied using several
substrates such as glass fibre, photographic paper, plastic, and nitrocellulose membrane.
GO acts as a fluorescence quencher for BSA/AuNCs. Development of different GO
platforms was challenged by non-homogeneity of the GO. Inspired by the idea that GO
and FA may serve as a nanocarrier for delivery of chemotherapy drugs, different
electrochemical approaches were employed to investigate the interaction between FA
and FR, on a graphene platform.

Different techniques were employed for direct patterning, laser scribing and rGO transfer
to several substrates. The aim was to develop a sensitive electrochemical platform for
detection of FR. From different trials, laser-scribed GO, and GO-FA electrodes were
prepared using laser DVD-burner with a 3-step process. Different optimisation studies
were conducted to enhance the reproducibility and functionality of the electrodes. The
effect of the addition of FR onto the working electrodes of the laser-scribed GO and GO-

FA electrodes were studied and recorded. XPS characterisation confirmed the efficiency
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of laser reduction in preparation of both the laser scribed GO and GO-FA electrodes,
providing a positive interpretation to the project proposal.

As a proof-of-concept, it is of utmost importance to confirm the interaction between FR
and the reduced FA on the laser-scribed GO-FA electrodes. Extended efforts could be put
to improve the reproducibility and characterisation of these electrodes, provided that the
proposal works. Once the interaction between FA and FR is confirmed, in vitro studies
can be done. It would be interesting to determine if the FR on the surface of the cancer
cells could be detected using laser-scribed GO-FA electrodes. For future studies, RNase
A/AuUNCs could also be loaded onto the platform, to determine if the RNase A protein

could exert therapeutic effects on the cancer cells.
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CHAPTER 6
6. Conclusions and future research
The design, development, and application of protein-templated AuNCs in biosensing
applications have been achieved within this work. Considering the objectives described
in Chapter 2, along with the obtained results presented from Chapter 3 to Chapter 5, the
following specific conclusions were achieved in this PhD thesis:
6.1. Integrating gold nanoclusters, folic acid and reduced graphene oxide for
nanosensing of glutathione based on "turn-off" fluorescence
GSH is a useful biomarker in the development, diagnosis, and treatment of cancer.
However, most of the reported GSH biosensors are expensive, time-consuming, and
often require more complex sample treatment, which limits its biological applications.
Herein, a nanobiosensor for the detection of GSH using FA-rGO-BSA/AuNCs based on
the fluorescence quenching interactions was presented. Firstly, a facile and optimised
protocol for the fabrication of BSA/AuNCs was developed. Functionalisation of rGO with
FA was performed using EDC/NHS cross-linking reagents, and their interaction after
loading with BSA/AuNCs was demonstrated. The formation of FA-rGO, BSA/AuNCs and
FA-rGO-BSA/AuNCs were confirmed by the state-of-art characterisation techniques.
Finally, a fluorescence “turn-off” sensing strategy was developed using the as-
synthesised FA-rGO-BSA/AuUNCs for the detection of GSH.
Briefly, the optimised protocol in the present work comes with the advantages of shorter
synthesis time (only 6 h), higher QY (10.62 %), need for lower protein amount (only 20
mg mL?); and employing mild conditions. The protocol is also applicable for the
fabrication of AuNCs with different protein templates, not only limited to BSA. In this
work, BSA/AuNCs were loaded onto FA-functionalised GO platform. This is the first work
done in exploring the potential of FA-rGO not only as a carrier of BSA/AuNCs but also

testing its potential as a nanobiosensor. This is the first time that BSA/AuNCs, FA and
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rGO were combined for fluorescent sensing of GSH, with a simple experimental process
which requires short incubation time (only 2 min). The nanobiosensor revealed an
excellent sensing performance for the detection of GSH with high sensitivity and
desirable selectivity over other potential interfering species. The fluorescence quenching
was linearly proportional to the concentration of GSH between 0-1.75 pM, with a LOD of
0.1 pM under the physiological pH conditions (pH 7.4).

Despite the current GSH nanobiosensor is sensitive to detect the milli-molar
concentrations of endogenous GSH in most mammalian cells, further work can be
conducted to enhance the biosensing performance of the biosensor, especially in real-
life sample detection. Besides, literature has suggested that “turn-on” fluorescence
strategy may provide more sensitive results with lower background signal and LOD.
Therefore, this work serves as a preliminary study for the design of “turn-on”
fluorescence strategy with improved selectivity and sensitivity performance. In future
work, the effect of the addition of FR, a promising cancer biomarker, on the FA-rGO-
BSA/AuUNCs can be investigated. Therefore, this simple approach may grab the attention
of researchers further to explore the potential of AuNCs in various biological applications.
6.2. Fluorescence "turn-off/turn-on" biosensing of metal ions by gold

nanoclusters, folic acid and reduced graphene oxide

Metal ions homeostasis plays an important role in biological processes. The ability to
detect the concentration of metal ions in biological fluids is often challenged by the
obvious interference or competitive binding nature of other alkaline metals ions.
Common analytical techniques employed for metal ions detection are electrochemical,
fluorescence and colorimetric methods. However, most of the reported metal ion sensors
involve complicated, time-consuming, and costly procedures with limited effectiveness.
Herein, a nanobiosensor for the detection of Na* and K* ions using FA-rGO-RNase

A/AuNCs based on fluorescence “turn-off/turn-on” was presented. Firstly, a facile and
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optimised protocol for the fabrication of RNase A/AuNCs was developed. The activity of
RNase A protein after the formation of RNase A/AuNCs was studied. RNase A/AuNCs was
then loaded onto FA-rGO, in which FA-rGO was used as a potential carrier and
fluorescence quencher for RNase A/AuNCs. Finally, a fluorescence “turn-on” sensing
strategy was developed using the as-synthesised FA-rGO-RNase A/AuNCs for detection
of Na* and K* ions.

Briefly, the nanobiosensor revealed an excellent sensing performance and met the
sensitivity required for the detection of both Na* and K* ions. However, further work can
be focused on the improvement of the sensitivity and selectivity of the nanobiosensor
against other alkaline ions in aqueous solutions or complex matrices. This can be
achieved by modification of the nanoplatform with metal ion binding ligand or subject
the nanoplatform to pretreatment with blocking agents. To the best of our knowledge,
this is the first work done on determining the RNase A protein activity in RNase A/AuNCs
and exploring the potential application of RNase A/AuNCs as a metal ion sensor. This
work serves as a proof-of-concept for combining the potential of drug delivery, active
targeting, and therapy on cancer cells as well as biosensing of metal ions into a single
platform.

6.3. Development of an electrochemical sensing platform for determination of

folate receptor using laser scribed graphene electrodes

This chapter began with covalent conjugation of FA onto BSA/AuNCs. EDC and NHS
linkers as well as FA, were found to act as a fluorescence quencher for BSA/AuNCs. The
use of FA-conjugated BSA/AuNCs for targeting of FR can be challenging, as it involved
complicated fluorescence mechanism. In addition, different GO platforms for loading of
BSA/AuNCs were studied using several substrates such as glass fibre, photographic

paper, plastic, and nitrocellulose membrane. GO acts as a fluorescence quencher for
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BSA/AuNCs. Development of different GO platforms was also challenged by non-
homogeneity of the GO.

Different electrochemical approaches (CV, DPV, EIS, CA, etc.) were then employed to
investigate the interaction between FA and FR, on a graphene platform. Different
techniques were employed for direct patterning, laser scribing and rGO transfer to
several substrates to develop a sensitive electrochemical platform for detection of FR.
From different trials, laser-scribed GO, and GO-FA electrodes were prepared using laser
DVD-burner with a 3-step process. Different optimisation studies were conducted to
enhance the reproducibility and functionality of the electrodes. The effect of the addition
of FR onto the working electrodes of the laser-scribed GO and GO-FA electrodes were
studied and recorded.

Briefly, Ru(NHs3)sCls is more suitable to be used as the redox probe in the present
electrochemical measurements than Fe?*/Fe3*. This is because Fe?*/Fe3* is an inner-
sphere probe and its electrochemical performance are influenced by the surface
functional groups and surface chemistry on both the electronic structure and electrode’s
surface. It was also suspected that Fe?*/Fe3* redox probe interacted with FA on the
working electrodes and affected the electrochemical response. On the other hand,
Ru(NH3)eCls is an outer-sphere electron transfer redox probe with fast electron transfer.
Such redox probes are influenced by the electronic structure of the electrode surface
only. The reproducibility of the laser scribed GO-FA electrodes was confirmed with the
use of Ru(NH3)sCls.

Besides, FA improved the electrical conductivity of the electrodes. Interaction of the FR
with the reduced FA in the laser scribed GO-FA electrode was briefly confirmed. XPS
characterisation confirmed the efficiency of laser reduction in preparation of both the
laser scribed GO and GO-FA electrodes. Future work can focus on studying the

electrochemical reversibility of the Ru(NHs3)sCls redox probe; comparing the data
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obtained with both Fe?*/Fe3* and Ru(NHs)sCls redox probe; obtaining a calibration curve
before and after modification with FR and modifying the electrodes with higher
concentrations of FRs (such as more than 40 ng/mL) for proof-of-concept. Extended
efforts could also be put to improve the reproducibility and characterisation of laser
scribed GO and GO-FA electrodes. Once the interaction between FA and FR is confirmed,
in vitro studies can be done to determine if laser-scribed GO-FA electrodes can be used
in the detection of FR on the surface of the cancer cells. RNase A/AuNCs could also be
loaded onto the platform, to determine if the RNase A protein could exert therapeutic

effects on the cancer cells.
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Figure S3.1 Particle size distribution of BSA/AuNCs.

Figure S3.2 Interaction of GSH with BSA. (a) Conformation of the binding mode between

GSH and BSA. GSH binds within the site I of sub-domain IIA pocket in the domain II of
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BSA. (b) Hydrogen bonds between GSH and amino acid residues of BSA. Reprinted with

permission from ref.%°, Copyright Elsevier, 2016.
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Figure S4.1 RNase A protein activity assay. Representative graph of (A) Total RNase A
protein hydrolysis, (B) Rate determination of RNase A (blue line) and RNase A/AuNCs
(orange line) against blank and (C) In(Eo-Er) (blue line) and In(Es-Er) (orange line) against
time. Er is the total hydrolysis, Eo is the rate determination, and Es is the rate

determination of RNase A/AuNCs samples.
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Figure S4.2 Sensitive detection of K* using RNase A/AuNCs. (A) Fluorescence intensity
of RNase A/AuNCs by varying the concentration of K*. The relative concentrations of K*
were 0, 60, 80, 100, 200, 600 and 800 mM at Aex= 365 nm. (B) Relationship between
the fluorescence intensity values (F-Fo)/Fo and the target concentrations. (C) Linear
response of the fluorescence intensity values (F-Fo)/Fo to the concentration of K*. Error

bars are the standard deviation of three repetitive experiments.
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Figure S4.3 Sensitive detection of Na* using RNase A/AuNCs. (A) Fluorescence intensity
of RNase A/AuNCs by varying the concentration of Na*. The relative concentrations of
Na* were 0, 10, 60, 70, 80, 90, 200, 500 and 700 mM at Aex= 365 nm. (B) Relationship
between the fluorescence intensity values (F-Fo)/Fo and the target concentrations. (C)
Linear response of the fluorescence intensity values (F-Fo)/Fo to the concentration of

Na*. Error bars are the standard deviation of three repetitive experiments.
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Nanomaterials for Nanotheranostics: Tuning
Their Properties According to Disease Needs
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ABSTRACT: Nanotheranostics is one of the biggest scientific breakthroughs in nanomedicine. Most of the
currently available diagnosis and therapies are invasive, time-consuming, and associated with severe toxic side
effects. Nanotheranostics, on the other hand, has the potential to bridge this gap by harnessing the capabilities of
nanotechnology and nanomaterials for combined therapeutics and diagnostics with markedly enhanced efficacy.
However, nanomaterial applications in nanotheranostics are still in its infancy. This is due to the fact that each
disease has a particular microenvironment with well-defined characteristics, which promotes deeper selection
criteria of nanomaterials to meet the disease needs. In this review, we have outlined how nanomaterials are designed
and tailored for nanotheranostics of cancer and other diseases such as neurodegenerative, autoimmune (particolarly
on rheumatoid arthritis), and cardiovascular diseases. The penetrability and retention of a nanomaterial in the
biological system, the therapeutic strategy used, and the imaging mode selected are some of the aspects discussed for
each disease. The specific properties of the nanomaterials in terms of feasibility, physicochemical challenges,
progress in clinical trials, its toxicity, and their future application on translational medicine are addressed. Our
review meticolously and critically examines the applications of nanotheranostics with various nanomaterials,
including graphene, across several diseases, offering a broader perspective of this emerging field.

KEYWORDS: nanotheranostics, nanomaterials, cancer, solid tumor, liguid tumor, newrodegenerative diseases,
auteimmune diseases, cardiovascular diseases, clinical trials, graphene

CEQ, was credited by scientists for introducing the term

theranostics (2 portmantean of Therapeutics and Diag-
nostics), which epitomes the development of nanoparticle
{NP) systems for personalized medicine."” Theranostics {or
theragnostics) refers to a comprehensive effort that integrates
diagnostics and therapy in a single system, platform. ™"

With the emergence of nanotechnologies and nanomaterials,
the concept of nanotheranostics was then introduced (Figure
1). Nanotheranostics was able to provide non-invasive imaging,
targeting, and therapy at the disease sites, without affecting

I n 2002, John Funkhouser, the PharmaMNetics president and

& 2000 Arrerican Chemical Socety

4 ACS Publications

surrounding healthy cells™ Hence, the use of empirical
treatment can be avoided (therapy given based on experience,
usually without a prier definitive medical diagnosis and likely
te cause infectious disease), greatly improve the prognoses,
and subsequently expedite clinician's therapeutic decisions.
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Integrating gold nanoclusters, folic
acid and reduced graphene oxide
for nanosensing of glutathione
based on “turn-off” fluorescence

Xin¥iWwong', Daniel Quesada-Gonzilez®, Sivakumar Manickam®™*, SiuYes New®,
Kasturi Muthoosanmy?= & Arben Merkoga 4

Ghutathione [G5H) is 2 useful biomarker in the developmant, diagnosis and vreatment of cances.
Howsewer, most of the reporsd G5H biotensers anes expensive, tire-corduming and often reguin
comphes 3 ple reatesest, which limit ies bislagical applications. Herein, 2 nanobissensas

for the distertion of GSH using Telic acid functionali ped reduced gra pheine oxdds-modfied B5A

gold ramsclusters (FA-rG0LESATA M) bated on the fluoresoen s quenching s ctions &
prasented. Firstly, a Tacile and cgtimized protocsl for the faksi cation of BSAJAUNCS is developad.
Functionaliztion of nG0 with ok & cd is pailameebd using EDCINHS orass- linking résgints, snd thair
baTRction after ko eding with BSAMAUNCS @ demmanstraled. Thi feemsat on ol FA-nE0, BSAJAUNCS
amd FA-FGO-BSAJAUNCE are coafirenied by this state-of-art charscten sation techii gues. Fisally, &
fluarescance Dum-off sensing strategy i deveboped using the as-synthesized FA-rG0-B5AAUNCS Tor
hii detiction of GSH. The fidobiosensss revislsd a8 el sensing parformancs 1or the ditsohea
&l G5H with bigh senditivity and desirable selectivity over olbar pobential interlering soecies. The
fludriscens guisnching is Bnearly prapomasnal to the Conciratsn of GSH betwaen 0 and 175 58,
with a limit of detection of 0.1 M undes the physiclegical pH conditions [pH 7.4). Such a sergitive
aanobinsEness paes this way 18 Pabicats & “Turn-on" of “Dum-olf* usretcent sefdor faf i portant
biomarkers in cancer cells, presenting potestial nanothira nostic applications in biclogical detection
aind ciencal disgnioss.

Glutathasone (GEH) 15 a low molecnlar weght (30732 g mel ™' ) tri-peptide composed of ghatamalte, <yebeams an<d
lviine hsan codopessus intnaidenr, G5H sy sowvene rosclive saygen s pecies, protect cells (oo ouidative
atreis i subdeguestly inhibil cincer pregressi -7, GSH Leveld are feiinad b be devated in llhsaioancers
vach a5 Alzheimers dmase® a5 well ax ovarian®, liver, lung. colorectal, breast, bead and meck cancer patients™,
Redwcing intracellular G5H has heen proposed as one of the strategies of cancer treatmena™ ", Hemce, sensing
o (G5E B e biokegicad samples for diagssdis of disedses i of great intenat in beslogeeal applications.
Although cemssercial Kits for the detesiion ol GSH are avislable, there is aill a need for i detection pla-
formn with the sdvargape: of lower cosl, fast response lime. maore senzitive and esseniially siable”. The use of
nanomaberiale in binsensing is becomang popular in recent years due to the improvessents in sensitivaty and its
rohustness™ ™ since contrary (o eneymes and other Mological compesands, nanomatenals ane stable in time ansd
Ja nol redqase, i moilof the caies, igeciil Rodige condition (ie low Lo biusfered podisss e ) 5
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