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RESUME

RESUME

Les nanomatériaux a base de carbone ont suscité un intérét considérable en raison de leurs
applications potentielles dans divers domaines. Ces matériaux sont également considérés
comme des matrices idéales pour le développement de capteurs/biocapteurs électrochimiques
avec une grande sensibilité. Au cours de ce travail de thése, on a utilis¢é des nanotubes de
carbone alignés verticalement dopés a I'azote (VA-NCNT), des ¢électrodes d’or modifiées avec
des nanofibres de carbone/hydroxyde de cobalt (CNFs/Co(OH),) par dépot électrophorétique,
ou avec des nanoparticules de cuivre /oxyde de graphéne réduit (Cu NPs/rGO), ainsi que des
¢lectrodes de carbone vitreux modifiées avec des nanoparticules d'or/rGO (Au NPs/rGO), et

évalué leurs caractéristiques électrochimiques pour la construction de capteurs/biocapteurs .

La modification des ¢électrodes de VA-NCNT avec des aptaméres lysozyme a permis une
détection sensible (du I’ordre du femtomolaire) de lysozyme dans le sérum. Cette méthode a
été appliquée avec succes pour la détection de lysozyme chez des personnes atteintes de la

maladie inflammatoire de I'intestin (IBD).

Les électrodes d'or modifiées par rGO/Cu NPs et CNFs/Co(OH), ont montré un excellent
comportement pour ’oxydation électro-catalytique du glucose. Elles ont été utilisées pour la
détection non enzymatique du glucose dans des solutions tampons de fagon sélective mais
aussi pour la détermination du glucose dans le sérum humain. La détection non enzymatique
du peroxyde d'hydrogéne a également été réalisée sur des électrodes modifiées par rGO/Au
NPs, ce dernier a été préparé en utilisant la tyrosine pour la réduction d'oxyde de graphéne

(GO) et le sel d’Au.

Mots clés : Nanotubes de carbone alignés verticalement; Nanofibres de carbone; Réduction
d'oxyde de graphéne; Nanoparticules; Tyrosine; Glucose; Peroxyde d'hydrogene; Détection

¢lectrochimique.
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ABSTRACT

ABSTRACT

Carbon-based nanomaterials have attracted tremendous interest because of their potential
applications in various fields. These materials are also considered ideal matrixes for the
development of highly sensitive electrochemical based sensing platforms. In this thesis,
vertically aligned nitrogen-doped carbon nanotube (VA-NCNT) electrodes, gold electrodes
modified with cobalt hydroxide embedded carbon nanofibers (CNFs/Co(OH),) through
electrophoretic deposition, or copper nanoparticles loaded reduced graphene oxide (rGO/Cu
NPs), as well as chemically formed gold nanoparticle decorated rGO (rGO/Au NPs) modified
glassy carbon electrodes were developed, and their electrochemical and sensing capabilities

were investigated.

Modification of VA-NCNT electrodes with lysozyme aptamers resulted in a sensor with
femtomolar sensitivity to lysozyme in serum and was successfully applied for the

differentiation of healthy patients and inflammatory bowel disease (IBD) affected ones.

rGO/Cu NPs and CNFs/Co(OH), coated gold electrodes showed excellent electro-catalytic
oxidation behavior towards glucose and were employed as non-enzymatic glucose sensors for
glucose determination in human serum. Non-enzymatic hydrogen peroxide detection was also
achieved on rGO/Au NPs modified electrodes, where the matrix was formed using tyrosine as

dual reductant of graphene oxide (GO) and Au salt.

Key words: Vertically aligned nitrogen doped carbon nanotubes; Carbon nanofibers; Reduced
graphene oxide; Nanoparticles; Tyrosine; Glucose; Hydrogen peroxide; Electrochemical

sensing.
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CHAPTER 1

INTRODUCTION

Biosensors based on electrochemical detection principles have become routine analytical
tools for the sensitive and selective detection of a variety of biological analytes in an
inexpensive way [1]. They have thus found numerous potential applications ranging from
clinical diagnosis, food analysis, bioprocess monitoring, environmental control to bioassays
[2]. Biosensors are defined as analytical devices capable of identifying and quantifying
specific analytes in a real-time mode. They generally consist of two main parts:
biorecognition components (e.g., enzyme, antibody, cell and nucleic acid) and a transducer,
which eventually leads to a read-out signal related to the information (presence or
concentration) of the analytes [3-5]. Figure 1.1 illustrates the operative scheme of a

biosensor.

‘n
A v O
Bio(chemical) signal
ASample A A conversion
p v
\ "/
~ .

Biological component Biological componéﬁt: Biological component

Transducer Transducer Transducer

$

{ Measurable Signal J

Analyte recognition

Figure 1.1: Operative scheme of a standard biosensor [3].

Taking into account the biological component that recognizes the target analyte,
biosensors can be categorized into:
(I) affinity sensors, when the bioreceptor uses non-covalent interactions like

antibody-antigen affinities or DNA strand hybridization;

1
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(IT) catalytic or enzyme sensors, when enzymes or active materials are used in the
enzymatic or catalytic reaction involving the analyte [6].

A robust biosensor must provide a low-cost, rapid, precise and stable platform for
selective and sensitive detection of target molecules [7,8]. Although different transducers can
be applied for the development of biosensors, electrochemical based sensors are
predominantly used as they offer the possibility of sensor miniaturization, use of low-cost
instrumentation, multiplexing, continuous monitoring as well as signal amplification using
simple chemical approaches [9,10]. In addition, electroanalytical techniques like differential
pulse voltammetry (DPV) and square wave voltammetry (SWV) allow improving the
signal/noise ratio of the signal, enabling to reach low detection limits (~ nM) and thus pave
the way for the development of sensitive electrochemical biosensors.

For many electrochemical applications, the good electron transfer kinetics and
biocompatibility of carbon-based electrodes together with well-established surface
functionalization strategies have put them to the forefront of interest as transducer materials in
electrochemical biosensors (Figure 1.2). In comparison to metal electrodes such as gold or
platinum, carbon-based electrode materials display wider potential window and are cost
effective. With the development of nanotechnology, diverse allotropes of carbon
nanomaterials from zero-dimensional (OD) to three-dimensional (3D) have been discovered.
Among them, graphene, carbon nanotubes (CNT) and carbon nanofibers (CNFs) have shown

to be of particular interest for electrochemical sensing.

Graphene Carbon nanotubes Carbon nanofibers Nanodiamonds

Figure 1.2: Schematic illustration of certain allotropes of carbon nanomaterials used in
electrochemical applications [11].

In the case of graphene-based electrodes, for example, next to a large potential window,
outstanding electrical conductivity and fast heterogeneous electron transfer (HET) kinetics for
various analytes, the involvement of additional “chemical amplification effects” (e.g. in the
case of aromatic structures such as a dopamine interacting strongly with rGO via n-r stacking

interactions) have made these electrodes well adapted for electrochemical sensing [12-14].

2
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These properties are not only offered by single-layer graphene, but also by multi-layer
graphene, often termed as stacked graphene platelets. Most importantly, electrochemistry of
graphene sheets is driven by its edges where HET is fast. A defect-free basal plane is, in fact,
electrochemically inert [15,16].

The interest in using CNT electrodes is that they can be simply adsorbed onto electrodes or
embedded in polymer networks as binders and linking the matrix to the surface of the chosen
transducer [17]. The direct growth of CNT on different substrates is a particular appealing
approach as it allows controlling morphological parameters such as the CNT length and density
[18-21]. Dense arrays of vertically aligned carbon nanotubes, often called CNT forests or CNT
carpets, which can be directly synthesized on bulk metals using chemical vapor deposition
(CVD) are promising electrode materials [22-24].

Carbon nanofibers (CNFs) can be synthesized using thermal CVD technique at low
temperature. These cylindrical nanostructures have a diameter in the nanometer range and are
several micrometers in length; their high conductivity makes them ideal materials for
electrochemical sensing applications [25-27].

As these three carbon materials were used in this thesis, a more detailed discussion about

their properties and the way they can be synthesized are given in the following part.

1.1 Graphene

One of the several allotropes of carbon is graphene, a densely packed one atom thick
two-dimensional (2D) layer of sp2 bonded carbon material (Figure 1.3) [28]. However, in the
literature, graphene may also refer to a few layered materials held together by van der Waals
forces with a high density of defects such as graphene oxide (GO) and reduced graphene
oxide (rGO) (Figure 1.3) [29], the most widely used material for electrochemical sensing.
Indeed, while the synthesis of defect-free graphene can be achieved with carbon sources
through chemical vapor deposition (CVD) [30], arc discharge [31], epitaxial growth on SiC
[32], or mechanical exfoliation [28], these methods fail in producing graphene in large
quantities (Figure 1.3) [33]. In addition, exfoliated graphene has the tendency to restack to
form graphite through n—n stacking and van der Waals interactions if the sheets are not well
separated from each other [34]. Therefore, these physical methods are limited only for
fundamental studies. Moreover, the electrochemical reactivity of pristine graphene was found
to be not as beneficial as believed [35]. High quality graphene, with low density of defects

across the basal plane surface of the graphene sheet and low oxygen content, exhibited in fact

3
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slow electron transfer kinetics. A large proportion of edge plane-like sites/defects across the
basal surface was found to be favorable for direct electron transfer (DET) [36]. This all calls
for the necessity to develop, on one hand, alternative production processes and, on the other
hand, to reduce and control aggregation of single-layer graphene into multilayered structures.

Organic chemistry and surface chemistry offer the needed toolboxes for both demands.

GRAPHITE GRAFHITE OXIDE (GO)

HOVOY¥ddV NMOd—dOoL |

HIGHLY REDUCED
GRAPHENE OXIDE (HRG)

L
[=]
o
=]
[
&
[
L8
-8
3
§
[=]
-]

CVD, Arc Di@

and so on

Figure 1.3: Schematic representation of the methods used for the synthesis of
graphene: top-down and bottom-up approaches. The bottom-up approach involves direct
synthesis of graphene from carbon sources using chemical vapor deposition (CVD), arc

discharge, epitaxial growth, etc., appropriate for pristine graphene with high quality;
bottom-up approaches start with graphite, using techniques including mechanical exfoliation
and chemical paths for graphene synthesis. In a chemical process, bulk quantity of reduced
graphene oxide (rGO) is obtained through reduction of exfoliated graphene oxide (GO)
originating from oxidized graphite [33].

Chemically derived graphene with defects and residual oxygen containing groups on the
surface appears to be the most suitable candidate for electrochemical applications (Figure
1.3). The first success in dissolving graphite dates back to the 19™ century and gradually
developed by Staudenmaier, Hummer and Offeman, who showed that treating graphite with

strong acids afforded products referred to as graphite oxide [37,38]. Subsequent
4
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mechanical/chemical or thermal exfoliations of graphite oxide form graphene oxide (GO)
sheets [33]. GO was found to swell once in contact with water, an indication of its hydrophilic
nature. Indeed, the surface of GO is highly oxygenated, bearing hydroxyl, epoxide, diol,
ketone and carbonyl functional groups allowing GO to readily disperse in water (Figure 1.3).
The negatively charged oxygen species help in addition to disperse GO as a single sheet by
providing electrostatic repulsion and solvation. The drawback is that the presence of oxygen
groups on the basal plane of graphene disrupts the m-conjugation, as a result, GO is insulating
[39].

However, GO can be reduced to restore partially the graphitic n-network by chemical,
electrochemical, thermal, hydrothermal and photothermal techniques [40-42]. Hydrazine [43],
hydroquinone [44] and sodium borohydride [45] are commonly used reducing agents for rGO
formation from GO reduction. The agents show strong reduction activity to remove most of
the oxygen-containing groups of GO, offering partial recovery of the graphene-conjugated
structure. However, these reducing agents are hazardous chemicals in terms of both human
health and environmental consideration. Toxic gas generation, external element attachment
are also limitations that hindered their widespread application [46,47]. Therefore, many
environmentally friendly reductants have been developed for the reduction of GO, including
vitamin C [48], reducing sugars [49,50], amino acids [51,52], gallic acid [53], bovine serum
albumin (BSA) [54], peptide [55], heparin [56], urea [57], tea [58], dopamine [59] etc.,
resulting in rGO materials with good electrical conductivity, of low charge transfer resistance
and rapid electron transfer kinetics at the basal planes. These properties make rGO favorable

for electrochemical sensing applications with excellent sensing performance [60].

1.2 Carbon nanotube (CNT)

CNT was first discovered by lijima in 1991 [61]. There are two main structures of CNT:
single-walled carbon nanotube (SWCNT) and multi-walled carbon nanotube (MWCNT).
SWCNT can be visualized as a rolled-up of graphene sheet with an individual cylinder of 1-2
nm in diameter. MWCNT comprise several to tens of concentric cylinders of rolled graphite

sheets with an interlayer spacing of 0.34 nm and diameters in the range of 2-100 nm [62,63].

5
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Figure 1.4: Graphical representations of pristine graphene sheet, SWCNT, and MWCNT
[63].

Synthesis techniques of CNT like electric arc discharge, laser vaporization and chemical
vapor deposition (CVD) are now well-established and allow the synthesis of substrate-free
CNT with good crystallinity at high temperature, which is usually inefficient and expensive as
they use high purity graphite with controlled atmosphere or laser beams with high power [64].
CVD is regarded as one of the most promising manufacturing techniques for large scale
production [65], especially when CNT on substrate is needed for electronic applications. In a
CVD process, CNT are grown through decomposition of the precursor gases under typical
growth temperature between 700 to 900°C. A major advantage of CVD is that CNT can be
used directly without further purifications.

Numerous reports have demonstrated that the unique properties of CNT such as small
size, excellent conductivity, large surface area together with good chemical compatibility with
biomolecules [66,67], allow CNT to promote electron transfer reactions between
biomolecules and electrode substrates [68,69]. CNT substrate can provide direct electron
transfer between the electrode and redox enzymes, avoiding the requirement of mediators and
is thus attractive for reagentless biosensors [70]. These properties have made CNT an ideal
material for a wide variety of electrochemically based sensing processes with high sensitivity,

fast response and good reversibility [68,71].

1.3 Carbon nanofibers (CNFs)

The history of CNFs goes back to 19™ century when they were first described as carbon
filaments [72]. Carbon nanofibers (CNFs) have cylindrical nanostructures similar to CNT
(Figure 1.2), while with graphene sheets stacked in platelet, ribbon and herringbone [25].
They have lengths in the order of micrometers, while their diameters vary between tens to

hundreds of nanometers.
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CNFs can be synthesized by various methods, including laser vaporization [73], arc
discharge [61], catalytic chemical vapor deposition (CCVD) [74] and plasma-enhanced
chemical vapor deposition (PECVD) [75]. The most developed method for the synthesis of
CNFs is CCVD technique. The synthesis of CNFs by CCVD method is based on the catalytic
decomposition of carbon source (methane, ethylene, acetylene, methanol, ethanol, etc.) on a
variety of transition metals (Fe, Co, Ni and their alloys) over the temperature range of
400-1000°C [76]. The advantage of the method consists in the possibility to control
morphology and structure with improved alignment of CNFs in large amount with high purity
and low cost for all kinds of applications.

CNFs have similar mechanical strength and electrical properties to CNT [77] with the
advantage of controlled size, shape and orientation [78]. While unlike CNT, CNFs are not
hollow in the core and expose the edge plane rather than the basal plane of graphene sheet,
making them exhibit a very large active surface area [79], which allows easy immobilization
and stabilization of various biomolecules [11]. At the same time, the high conductivity of
CNFs makes them ideal materials as electrochemical signal transducers [80]. These features

offer CNFs a great potential in the design of electrochemical biosensors.

1.4 Functionalization of carbon nanomaterials

One of the first steps in developing a sensitive and selective biosensor concerns surface
modification of the electrode with ligands of interest. There are numerous surface
modification strategies available in the literature (Figure 1.5) and it is out of the scope of this
thesis to discuss all of them. We will thus focus on the ones used during this thesis work to
give more detailed information about their interest.

Generally, the functionalization of carbon nanomaterials can be realized through either
covalent or non-covalent interactions. Covalent functionalization is often achieved by two
general routes: (I) the formation of covalent bonds with unsaturated m bonds of carbon
nanostructures and (II) covalent bonds between organic functional groups and the oxygen
groups on carbon materials [82]. To enable reaction with the C=C bond of carbon structure,
diazonium salts are used to generate highly reactive free radicals, yielding various aryl groups
bonded with a carbon atom in the lattice after grafting with release of a molecule of N,
(Figure 1.6) [83-85]. The reaction converts the carbon atoms from sp” to sp’ hybridization
and generates insulating or semiconducting regions with a wide variety of functional groups

(-OH, -COOH, -NOa,, -C=C, etc.), feasible for further linkage or modification [86].
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Figure 1.5: Graphene and its derivatives have been reported to be functionalized with
avidin-biotin, peptides, DNAs, proteins, aptamers, small molecules, bacteria, and cells
through physical adsorption or chemical conjugation for biosensing applications [81].

Figure 1.6: Schematic illustration of grafting a diazonium salt with functional group R to a
graphene sheet [87].

The oxygen functional groups on carbon materials are, on the other hand, widely
employed for covalent grafting with ligands. The carboxyl groups are used to link to the
amino groups of proteins or molecules using a carbodiimide procedure. Active esters are
generated on graphene oxide surfaces by reaction between carboxyl groups of graphene oxide
and 1-ethyl-3-(3-dimethyl-aminopropyl) carbodiimide (EDC) or N,
N’-dicyclohexylcarbodiimide (DCC) in the presence of N-hydroxysuccinimide (NHS) under
ambient conditions. Then, the ester reacts with amine groups of a molecule (DNA, enzyme,
etc.) of interest to form an amide bond, achieving covalently bonded DNA [88], aptamer [89],

antibody [90] and protein [91] for further development of electrochemical sensing platforms.
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Eissa et al., for example, immobilized okadaic acid antibodies on carboxyphenyl-modified
graphene electrodes via carbodiimide chemistry and achieved competitive voltammetric
determination of okadaic acid in shellfish (Figure 1.7) [92]. The carboxyphenyl groups were

grafted on graphene surface through electrochemical reduction of diazonium compounds.
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Figure 1.7: (A) Carboxyphenyl modification of graphene electrode surface and the covalent
immobilization of antibodies: carboxyphenyl groups are grafted to graphene by diazonium
chemistry, followed by activation and covalent bonding of antibodies through EDC/NHS
carbodiimide process; (B) the working principal of the immunosensor for okadaic acid (OA)
detection with direct competitive immunoassay [92].

Another widely used approach to increase the sensitivity of electrodes is based on the
incorporation of electrocatalytic nanostructures. Many studies have demonstrated that carbon
nanomaterials modified with metal nanoparticles can enhance the performances of
non-enzymatic electrochemical biosensors (will be discussed in detail in Chapter 3) [93-95].
A number of strategies have been put forward for the synthesis of metal nanoparticles
modified carbon nanocomposites, which can be broadly classified into two categories viz. in
situ and ex situ approach [33].

In the ex-situ method, the metal nanoparticles are pre-synthesized separately and
integrated onto carbon nanostructures through chemical bond formation with functional
groups on carbon-based structures or by utilizing electrostatic, n-m or/and van der Waals
interactions for binding. The ex-sifu method offers good control over size, shape and
functionality of the metal nanoparticles, being one of the main advantages of this approach.

One of the limitations is that this approach is rather time consuming and involves several
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steps (Figure 1.8).

(A) Electrostaticinteraction of AuNPs with graphene
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Figure 1.8: Ex situ approaches for the integration of Au nanoparticles (Au NPs) onto
graphene sheets: (A) electrostatic interactions: (a) fabrication of a DNA sensor based on
Toluidine Blue (TB) as molecular linkage between rGO and Au NPs due to electrostatic

interaction of the positively charged TB with negatively charged rGO [96]; (b) integration of
positively charged PDDA capped Au NPs onto negatively charged rGO. Further integration of
GOx resulted in the construction of a glucose sensor [97]; (B) covalent linkage between
COOH groups of graphene and NH,-functionalized Au NPs [98].

While the ex-situ approach is well adapted to form controlled nanoparticles on carbon
structures, most work focused on in situ method. The in situ approach involves the formation
of metal nanoparticles on the surface of carbon nanomaterials, i.e. simultaneous reduction of
GO and the respective metal salts with a reducing agent (e.g. sodium borohydride, sodium
citrate, hydrazine hydrate, ascorbic acid, glucose, efc.) (Figure 1.9). The process can be
carried out by chemical reduction [99], hydrothermal and solvothermal method [100],
electrochemical deposition [101], microwave assisted reduction method [102], layer by layer
assembly [103], etc. The advantages of the in situ reduction is that generally there is no need

of the use of capping agents or extra linker molecules, which can have a negative influence on
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the charge transfer characteristics. It is cost effective and a one-pot process. These advantages
seem to override the limitation in controlling size and morphology of the embedded metal

nanoparticles in the resulting composite.

Graphene oxide Metal embedded reduced graphene oxide
(GO) (rGO-Metal NP)
iy

Formic Acid
(HCOOH)
—_—

1,0,
& :'\gNOs ar IIEPTCIQ
at 80T

w =Ag/ Pt . = Carbon . = Oxygen () = Hydrogen

Figure 1.9: In situ strategy for the formation of metal nanoparticles (Metal NP) loaded rGO
matrix using formic acid as a reducing agent in a one-pot reduction and synthesis approach
[104].

1.5 Electrophoretic deposition (EPD)

Considering the fabrication of carbon nanomaterials modified electrode, the most widely
used method involves the preparation of stable dispersions of the materials, followed by
casting the resulting dispersion at the surface of electrode substrate. Though the approach
benefits from its simplicity and low cost, coated films often confront problems of
non-uniformity, poor thickness controllability and weak stickiness to electrode [105]. The
application of attractive electrophoretic deposition (EPD) technique for manipulation and
deposition of nanomaterials seems to be an appealing strategy to solve these limitations.

EPD is a widely used technique in the process of ceramics, coatings and composite
materials [106]. In EPD processes, charged particles dispersed in a suitable solvent, move
towards cathode/anode under an applied electric field to form a coherent deposit layer (Figure
1.10). The deposition can be carried out in both organic solvents and aqueous media, making
it suitable with a wide variety of materials. Moreover, the process parameters like applied
voltage, deposition time, suspension concentration and selected electrode substrate can be
properly controlled to adjust the chemical and morphological formation of the deposited films
with considerable flexibility [107]. In addition, EPD offers the possibility to produce thin

films with adequate homogeneity in short processing time with simple and cost-effective
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equipment, making it possible of scaling up to large, application relevant dimensions

[108-110].

EPD direction
{fox negatively charged particies)

Figure 1.10: Schematic illustration of two electrodes cell setup for electrophoretic deposition
(EPD) and an example of graphene coating. Depending on the surface charges of the graphene
related materials, anodic (if the particles are negatively charged) or cathodic (if the particles
are positively charged) EPD occurs [111].

EPD has shown to be a well-adapted technique for the deposition of rGO and CNT. 1It is
an ideal technique providing a facile means to produce tightly packed films. Du et al. initiated
the EPD of CNT in 2002 [112]. After that EPD technique undergoes further developments in
the deposition of graphene [113], and CNFs [114] thin films on different conducting
substrates. This makes EPD an alternative environmentally friendly, and cost effective route
for producing rGO coatings. Figure 1.11 gives an overview of process for EPD of graphene
related materials (GRM). The EPD formed graphene structures have been used in a wide
variety of applications ranging from solar cells [115,116], supercapacitors [117,118], field

emission devices [119] to electrochemical biosensors [120,121].
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Figure 1.11: An overview of inputs, outputs and possible side reactions for the EPD of
graphene related materials (GRM). In an EPD process, graphene based materials, alone or in
combination with other particle types, can be used as input materials. Coatings, films or fibers
can be obtained based on the EPD setup. Various side-reactions can occur during the EPD
process, e.g. GO could be reduced into rGO after deposition [111].

In addition to its controllability over deposited films, EPD offers special features when
dealing with GO deposition. Several studies have reported that EPD of GO at high voltages
caused its simultaneous reduction to rGO during deposition (Figure 1.12A) [122,123]. This
appears beneficial for the production of rGO films, since it potentially avoids the use of
reducing agents and post-EPD reduction processes, and may prevent the passivation of the
growing film due to the insulating nature of GO [111]. Another typical characteristic of
EPD-processed graphene films is the presence of wrinkles (Figure 1.12A) [124,125]. The
highly wrinkled structure of GO can provide an enhanced surface area, making graphene
surface produced through EPD a good substrate for the nucleation and growth of metal
nanoparticles [116]. Metal ions adsorb onto graphene sheets and produce suspensions of
positively charged graphene, making cathodic deposition feasible (Figure 1.12B). Various
metal salts including nickel nitrate, cobalt nitrate, copper sulphate and magnesium chloride
were used for the charging effects to obtain metal particles decorated graphene composites.
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The addition of secondary particles in suspension may also affect the deposition rate thus
avoiding the restacking and agglomeration of graphene sheets, possibly resulting in aligned
rGO sheets in the deposit and porous structure with larger surface area [126,127]. The
controlled structure, enhanced surface area together with the catalytic ability of metal
nanoparticles has put electrophoretically deposited graphene/metal-based composites as
promising candidates in electrochemical devices like supercapacitors and biosensors (Figure
1.12B) [128,129].

(A). EPD-rGO
—— G-O paper by filtration

b . EPD-gO film
( ) 286.7 EPD-gO film annealing at 100°C
A CReGO

1\284.6

202 200 288 286 284 282 280
Binding energy (eV)

(B). EPD-rGO/Ni NPs

| (b) o~
glucose §

Ni ions decorated GO

.

i/mA
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E vs. (Ag/AgCl) /V

Figure 1.12: EPD of GO-based materials: (A) GO after EPD resulting in rGO with (a)
winkled flakes [130] and (b) C; high resolution XPS spectra of electrophoretically deposited
GO from GO solution with sp” carbon being dominant [123]; (B) EPD of GO with metal
nanoparticles: (a) rGO/Ni NPs obtained on cathode from Ni ions decorated GO solution and
(b) its application for non-enzymatic glucose sensing [128,129].

1.6 Objectives of this thesis
In this thesis, we take advantage of the outstanding properties of selected carbon
nanostructures: carbon nanotubes (CNT), carbon nanofibers (CNFs) and reduced graphene
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oxide (rGO) to construct sensitive sensing platforms for lysozyme, glucose and H,O, in a
simple and straightforward way.

In Chapter 2, we show the potential of CNT for aptasensor construction. Vertically
aligned carbon nanotubes (VA-NCNT) exhibited excellent electron transfer ability, therefore
they were functionalized with biotinylated lysozyme aptamer through covalent attachment.
Various characterization techniques have been used to confirm the successful binding of the
biotinylated lysozyme aptamer onto neutravidin modified VA-NCNT interface. The aptamer
modified interface was applied for lysozyme detection and the ability of the as-constructed
sensing platform towards lysozyme detection in human serum from patients affected by
inflammatory bowel disease (IBD) was also discussed.

In Chapter 3, a facile electrophoretic deposition (EPD) technique was applied for the
fabrication of reduced graphene oxide/copper nanoparticles (rGO/Cu NPs) and carbon
nanofibers/cobalt hydroxide (CNFs/Co(OH),) composite on Au/Ti/glass interfaces. The
technique was found to be controllable by varying deposition parameters in a reproducible
manner, resulting in films with good uniformity. The modified Au/Ti/glass interfaces were
successfully used for non-enzymatic glucose sensing. Furthermore, the feasibility of glucose
sensors was explored by determining glucose content in human serum.

In Chapter 4, an easy and environmentally friendly method was described for the in situ
synthesis of a reduced graphene oxide/gold nanoparticles (rGO/Au NPs) nanocomposite
through the simultaneous reduction of GO and HAuCly using tyrosine as a reducing agent.
The Au NPs decorated nanocomposites exhibited direct electrocatalytic activity towards H>O;

reduction and were explored as non-enzymatic H,O, sensor.
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CHAPTER 2

VERTICALLY ALIGNED NITROGEN-DOPED CARBON NANOTUBE

CARPET ELECTRODE FOR LYSOZYME SENSING

2.1 Introduction

Lysozyme, also known as N-acetylmuramide glycanhydrolase, is a relatively small
protein (molecular weight: 14.3 kDa) consisting of only 129 amino acid residues. Lysozyme
exhibits good anti-bacterial ability due to its capability of hydrolyzing the B-linkage between
N-acetylneuraminic acid and N-acetylelucosamine in the bacterial cell wall [1]. This
enzymatic activity gives lysozyme often the notation as “body’s own antibiotic” (Figure 2.1).
Due to its antibacterial properties, hen egg derived lysozyme has been widely used as a
preservative in food industries. However, it has been confirmed that even a small amount of
lysozyme in food products might be a potential allergen to people sensitive to egg proteins
and thus the development of approaches to identify fast and accurately lysozyme levels in
food has become an important issue.

Lysozyme itself also plays an important role in human health [2] as it is widely
distributed in biological fluids and most living organisms (Figure 2.1). Under normal
physiological conditions, the concentration of lysozyme in body secretions and tissues is low;
however, increase in the lysozyme level in serum, cells, urine and saliva has been found to be
connected with many diseases such as cancer, HIV, leukemia, renal diseases, etc. [3-7].
Therefore, the development of rapid, cheap, sensitive and specific means of detecting

lysozyme has also become of great significance in this field.
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Figure 2.1: The relevance of lysozyme for protein science, medicine and industrial
applications.

During the past years, quantitative detection of lysozyme has been achieved in various
ways, including classical turbidimetry [8], colorimetry [9], chemiluminescence [10],
fluorescence [11], resonance light-scattering [12], surface plasmon resonance [13] and
electrochemistry [14]. Among them, electrochemical methods have found widespread
applications due to the use of low cost instrumentation and the possibility of achieving high
sensitivity and selectivity in the presence of interference analytes [15]. For the
electrochemical detection of lysozyme, one sensing scheme widely employed is based on the
high affinity of lysozyme with lysozyme specific aptamers. Aptamers are artificial
single-stranded oligonucleotides (DNA or RNA) selected in vitro from nucleic acid libraries
[16]. They can bind to a wide variety of targets ranging from metal ions, small molecules to
proteins and even cells with high affinity, selectivity and specificity. The application of an
aptamer as the analyte specific ligand has several advantages, including ease of synthesis,
chemical stability, possibility of reusability and general adaptability for various proteins,
accordingly making it a good alternative to the commonly used antibody [17]. Various
electrochemical aptasensors based on direct, sandwiched or competitive assays have,

therefore, been developed for lysozyme sensing, as summarized in Table 2.1.
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Table 2.1: Electrochemical aptasensors developed for lysozyme sensing.

Electrode | LOD | Linear Range | Realsample | Ref.
Direct assays
Au/Ti0,/3D-rGO/PPy/LBA 5.5pM | 0.007-3.5 nM Egg white [18]
Au/TiO,@PPAA/LBA 1.04 pM | 3.5 pM-7 nM Egg white [19]
SPCE/AuNPs/LBA 21fM | 0.07-3.4 pM Egg white [20]
Au/AuNPs/LBA 0.01 pM | 0.1-500 pM Egg white [21]
SPCE/LBAI1 and LBA2 25nM | 0.025-0.8 uM Wine [22]
GCE/chitosan-GR/LBA 6fM | 0.01-05pM | CHkeneEEt )
Aw/Cu,0@rGO@PpPG 60pM | 0.1-200mM | SAlvaturine® oy
plasma
GCE/ THH Au NCs/APT 0.1 pM 0.1 Ell\\/l/l_lo Egg white + serum | [24]
PGE/chitosan-GO/LBA 231'5[3 - - [25]
ITO/PABA/SA/LBA 14 nM - - [26]
MWCNT-SPE/LBA 862 nM - - [27]
GR-GCE/LBA 0.08 nM | 0.2 -1040 nM - [28]
Fe,05-GR-GCE/LBA mipm| 32 pnl\ﬁ% 0 ; [29]
GCE/O-GNS/LBA ipm | >0 %‘0'7 i [130]
35nM-3.5
Au/LBA - uM - [14]
ITO/(Fc-PEI/CNTs/Fc-PEI/LBA) 11.8 pM 13.9 Ell\\/l/l_l 16 - [31]
Sandwich assay
SPCE/LBA/Lysozyme/B-AB/SA-ALP | 43fM | 5fM-5nM | Wine | [32]
Competitive Assays
Au/CD/DLAP1 + DLAP2 64 pM | 100-1000 pM Serum [33]
Au/MeB-cDNA/LBA 16.4pM | 0.1-100 nM Serum [34]
Au/LBA-(DNA-Fc) 0.45 nM 7-30 nM Urine [35]
Au/LBA/TCA/AuNPs/cDNA 0.1pM | 5pM-1nM Egg white [36]
Au/cDNA/LBA 1 pM 1.0 %‘1 1 Egg white [37]
Au/DNA1/BiDNA/DNA3-AuNPs 0.7 nM - - [38]
Au/p-ATP-AuNPs/(LBA/Fc-cDNA) | 0.1 pM | 0.1 pM—1 nM - [39]
Au/cDNA/LBA 70 pM 0.2-4.0 nM - [40]
GCE/Au/(Fc-cDNA/LBA TWJ) 0.2nM | 0.2-100 nM - [41]

© 2016 Tous droits réservés.

Abbreviations-AuNPs: gold nanoparticles; B-AB: biotinylated antibody; BiDNA: bifunctional aptamer for
adenosine and lysozyme, linker DNA; CD: cyclodextrin, CPE: carbon paste electrode;
Cu,0@rGO@PpPG: nanocomposite of reduced graphene oxide, cuprous oxide and plasma-polymerized
propargylamine; DLAP: dabcyl-labeled aptamer modified metal nanoparticles; Fe: ferrocene; GCE: glassy
carbon electrode; GO: graphene oxide; GR: graphene; IDA-Cu/AuNps/GCE: iminodiacetic acid—copper
ion complex immobilized on a glassy carbon electrode; ITO: indium tin oxide; LBA: lysozyme binding
aptamer; MeB-cDNA: methylene blue-tagged complementary DNA; O-GNs: Orange II functionalized
graphene nanosheets; PABA: poly-aminobenzoic acid; PEI: polyethyleneimine; PGE: pencil graphite
electrode; SA-ALP: streptavidin-conjugate of alkaline phosphatase; SPCE: screen-printed carbon electrode;
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TCA/AuNP/ssDNA: thiocyanuric acid (TCA)/gold nanoparticles (AuNPs) modified with ssDNA; THH
Au NCs: tetrahexahedral gold nanocrystals; TiO,@PPAA: composite made of hollow TiO, spheres and
polyacrylic acid; TiO,/3D-rGO/PPy: hollow titanium dioxide nanoball, three-dimensional reduced
graphene oxide and polypyrrole; TWJ: three-way junction.

Direct Assays

In order to translate the lysozyme-aptamer binding event into a measurable
electrochemical signal, various techniques have been employed, including cyclic voltammetry
(CV), differential pulse voltammetry (DPV), square wave voltammetry (SWV) or
electrochemical impedance spectroscopy (EIS). Cheng et al. reported a simple detection
scheme of lysozyme by CV response of positively charged [Ru(NH3)s]’" bound to the
negatively charged DNA phosphate backbone of lysozyme aptamer through electrostatic
interaction [14]. The difference in current intensity due to [Ru(NHs)s]*" reduction before and
after incubation with lysozyme correlates with the concentration of lysozyme, which is the
basic principle of the direct assay measurement. Similarly, negatively charged [Fe(CN)s]* "~
redox couple was also used to quantify bound lysozyme with changes in electron transfer
when the aptamer-lysozyme complex was formed [22]. Direct assays are practical, label-free
and easy in manipulating and exhibit wide linear range and limit of detections from fM to nM

level, depending on the properties of electrode and aptamer linking strategies (Table 2.1).

Sandwich assays

Some of the aptasensors constructed based on direct schemes lack the required
sensitivity for more demanding applications, such as the detection of lysozyme in biological
samples or of trace amounts of lysozyme in wine. To achieve sensitive lysozyme detection,
approaches based on labelled aptamers [35], displacement of complementary DNA [37] and
sandwich assays were investigated for signal amplification. Ocafia et al. proposed a sandwich
assay between the linked aptamer, the captured lysozyme and a biotinylated anti-lysozyme
antibody [32]. Labeling the assembly with avidin-modified alkaline phosphatase (“ALP”’) and
the addition of the enzyme specific substrate 1-naphtyl phosphate (“1-NPP”) allow the
indirect quantification of lysozyme, by recording the current response upon the formation of
the electrochemically-active product, 1-naphtol. This assay exhibited a detection limit of 4.3
fM with a wide linear range from 5 fM to 5 nM. The strategy consists of multiple
modifications and brings the inconvenience associated with enzyme stability, being

complicated and time-consuming.
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Competitive Assays

Next to the direct and sandwich assays, competitive detection schemes based on
displacement of lysozyme binding aptamer in the presence of lysozyme allowed sensitive
lysozyme sensing [33-35], which could be adopted to various analytes. Xia et al. developed a
novel biosensor for simultaneous electrochemical detection of interferon gamma (IFN-y) and
lysozyme (Lys) based on aptamer recognition by coupling “signal-on” and “signal-off” modes
[34]. On one Au electrode, two kinds of signaling probes labeled by the thiolated ferrocene
(Fc) and methyl blue (MB) were designed to hybridize with IFN-y and Lys aptamers
respectively to form partial complementary DNA duplexes. In the presence of IFN-y and Lys,
the target-aptamer interaction led to the release of aptamer from duplex DNA structure. The
single-stranded signaling probes thus suffered from the conformation changes, which resulted
in the decreased (or increased) oxidation peak current of Fc (or MB) according to the
“signal-off (or signal-on)” mode. Figure 2.2 illustrates the detection schemes of

electrochemical lysozyme aptasensors.
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Figure 2.2: Detection schemes of electrochemical lysozyme aptasensors: (A) direct assay by
recording the conformational changes of surface-linked aptamers upon lysozyme binding,
which results in a decrease in electrostatically-bound Ru(NH;)s]*" detectable by CV [14]; (B)
formation of the aptamer-lysozyme complex creates a barrier for the electron transfer of
(Fe(CN)s]**" in solution proportional to lysozyme concentration and detectable by EIS [22];
(C) sandwich assay for lysozyme analysis using amplification with a lysozyme antibody
labeled with alkaline phosphatase [32]; (D) competitive assay where free lysozyme in solution
displaces quantum dot-tagged lysozyme, previously bound to surface-immobilized aptamer
[42].
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From Table 2.1, it becomes clear that only half of the presented matrices were applicable
for lysozyme detection in real biological samples. This is linked to the fact that only some
sensors achieve the required picomolar sensitivity for real time sensing in biological samples

[14,22,39].

The aim of the work in this chapter is thus the development of a new sensing strategy
which will allow sensitive and selective lysozyme sensing to be achieved in a routine manner
in biological fluids. As will be discussed in the following, we opted for the use of carbon

nanotubes (CNT) structures.

CNT can be directly grown on different substrates [43,44]. Particularly, the formation of
vertically aligned carbon nanotubes (VA-CNT) is desirable, as the growth process can be
controlled, thus providing a well-defined large surface area that is of particular importance in
devices such as field emitters [45] and sensors [46]. Apart from the controlled growth of CNT,
modification of the CNT structure can strongly affect the performance of CNT in analytical
applications. Replacement of some of the carbon atoms (C) with either boron (B) or nitrogen
(N) through doping can tailor the electronic, chemical and mechanical properties of CNT [47].
Doping CNT with nitrogen is one strategy developed to yield a large number of defective sites
and to highly increase the surface area [48]. Nitrogen-doped carbon nanotubes (NCNT) have
also been proposed as promising electrocatalytic electrodes for oxygen reduction [49],
hydrogen peroxide oxidation [50] and analysis of other molecules [51].

In this chapter, we took advantage of the excellent properties of nitrogen-doped
vertically aligned CNT (VA-NCNT) for the development of a lysozyme aptasensor with fM
level detection limit without any need of further amplification strategy. The excellent
analytical performance of the sensor allowed its use for the analysis of serum samples from

healthy patients and people infected with inflammatory bowel disease (IBD).

2.2 Construction of lysozyme sensitive aptasensor

2.2.1 Synthesis and characterization of VA-NCNT

The VA-NCNT carpet electrodes used in this work were provided by Palaniappan

Subramanian (Ariel University, Israel). They were synthesized by a chemical vapor deposition
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(CVD) growth in a three-zone tube furnace (Figure 2.3) using a single fused-silica tube with
an internal diameter of 22 mm [44,52]. The first two zones of the furnace preheated the
precursor gases at 770°C to decompose the hydrocarbon gases. The sample was positioned in
the last zone (zone 3) of the furnace for the annealing and growing steps at 755°C. All
experiments were performed with “fast-heat” technique (Figure 2.3) by which the samples
were exposed to heated zone until the annealing and growth process (details in experimental

part, Appendix).

Set-up during furnace ramp to temperature

Ny
T T Bl
s 7\ J

Preheating Growth

Fast-heat: sample introduced into zone 3

u Gas mix

Prehealing Growth

Figure 2.3: Structure of the furnace used in CVD growth of VA-CNT and scheme of
“fast-heat” approach: the sample sits in a quartz tube outside the furnace (but still in an argon
flow) while the temperature is ramped in the growth zone. It is then introduced into the
growth zone when all temperatures are stable and the gas mixture is introduced [53].

The as-synthesized VA-CNT on stainless steel carpets were introduced into nitrogen
plasma to obtain nitrogen doped interfaces (VA-NCNT). The morphology and chemical
composition of the VA-NCNT were characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS) (Figure 2.4). The SEM image shows that dense VA-NCNT forests with a
height of 7 + 1 um are formed (Figure 2.4A). The HRTEM image of the dispersed CNT
indicates that the CNT have an average diameter of 10 = 1 nm with 4-5 walls and exhibit a
high degree of crystallinity (Figure 2.4B). A further analysis of the CNT structure was
inferred in the Raman spectrum, which displays the characteristic D bands at ~1339 cm™,
~1340 cm™ associated with carbon defect sites and G bands at ~1574 ¢cm™, ~1578 cm™
attributed to stretching of sp® carbon for VA-CNT and VA-NCNT, respectively (Figure 2.4C).
The intensity of the D and G bands value (Ip/Ig) increased from 1.07 for VA-CNT to 1.16
after nitrogen doping for VA-NCNT, which reflected the increase in defect level [48].
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Figure 2.4: Characterizations of VA-NCNT: (A) SEM and (B) TEM images; (C) Raman
spectra [48].

The chemical composition of the VA-NCNT was further examined by XPS. The full
survey XPS spectra of VA-CNT and VA-NCNT are shown in Figure 2.5A. While the XPS
survey spectrum of VA-CNT consists of only carbon, the XPS survey spectrum of VA-NCNT
shows, in addition, the presence of N5 with an atomic percentage of 2.1 % (Table 2.2). It also
reveals that the nitrogen doping of VA-CNT introduces oxygen incorporation upon exposure
to air, with a significant amount (12.5 at. %) of oxygen functions (Table 2.2), mainly in the
form of C-O and C=0O on the CNT’s surface. The high resolution N spectrum can be
deconvoluted into two bands at 400.1 and 401.9 eV assigned to pyrrolic and quaternary
N-functional groups, respectively (Figure 2.5B) [54]. In the case of C,s high resolution in
Figure 2.5C, the main peak at 284.5 eV is associated with sp* C-C with a band at 285.0 eV
from C-C/C-H. Contributions at 286.5 eV (C-O/C-N) and 288.9 eV (C=0) confirm the

introduction of oxygen during nitrogen doping process.
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Figure 2.5: Characterizations of VA-NCNT: (A) full survey of XPS spectra: VA-CNT(black)
and VA-NCNT(red); (B) Ny and (C) Cis high resolution spectra.

The electrochemical properties of the VA-NCNT carpet electrodes were determined by
cyclic voltammetry (CV) using [Fe(CN)6]*> as redox couple. The VA-NCNT electrode
shows a quasi-reversible electron transfer behavior with a peak separation (AE) of 116 mV
(Figure 2.6A). This contrasts with the undoped VA-CNT of the same height, with a strongly
decreased peak current and enlarged AE~871 mV, indicative of slow electron transfer
occurring at undoped VA-CNT interfaces. Thus nitrogen-doped VA-NCNT are preferential for
electrochemical sensing applications.

The rate of electron transfer depends not only on doping, but also on the overall height of
the VA-NCNT. Increasing the height of the wires from 7 to 37 pm results in an increased peak
separation (AE=265 mV) for the VA-NCNT with height of 37 pm (Figure 2.6B). The slower
kinetics of the 37 um long wire electrode is likely to be explained by the slower diffusion of
the redox mediator through the densely packed nanotubes. For the integration into
electrochemical sensing devices, VA-NCNT with fast heterogeneous electron transfer are
advantageous [55-57]. Thus the VA-NCNT carpet electrodes of 7 um in height were chosen for

further construction of a lysozyme biosensor.
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Figure 2.6: Cyclic voltammograms of (A) VA-CNT (height 7 pm) (gray), VA-NCNT (height
7 um) (black) and (B) VA-NCNT (height 7 pm) (black), VA-NCNT (height 37 um) (blue) in 5
mM [Fe(CN)s]** in 0.01 M PBS, scan rate=50 mV s™.

2.2.2 Surface functionalization of VA-NCNT with biotinylated-lysozyme aptamers

Surface immobilization of lysozyme specific ligands, aptamers in our case, is of
significant importance to achieve satisfactory selectivity in sensing. Various methods for
aptamers immobilization onto solid supports have been reported, including physical
adsorption, self-assembly, direct attachment to gold surfaces, covalent attachment to
functionalized surfaces, coupling by affinity reactions (biotin-avidin affinity), and
hybridization through complementary oligonucleotides [58,59]. In most cases, covalent
linking to surfaces is preferred over physisorption as it can somehow increase the specificity
and decrease interference signal of non-specific adsorption [58,60]. A recent report by Ocana
et al. compared 4 protocols for the immobilization of an aptamer on graphite composite
electrodes for thrombin sensing [61]. It was found that sensors, prepared by covalent
immobilization and particularly those using avidin-biotin affinity linkages of aptamers
exhibited relatively higher sensitivity and wider linear range than those obtained through
aptamer physisorption.

Moreover, electrochemical grafting of diazonium salts followed by covalent
immobilization of aptamers showed to be the best sensor interface. In this work, we have thus
opted the following strategy for aptamer linkage (Figure 2.7). First, electrochemical reduction
of 4-carboxyl phenyl diazonium cations were synthesized in sifu by mixing NaNO, and
4-aminobenzoic acid in HCI, and then transferred to an electrochemical cell. The grafting
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process of the very reactive aryl radicals was obtained upon reduction of diazonium cations
(Figure 2.7A). Therefore, modification of the VA-NCNT electrode with the formed
diazonium salt was performed by electrochemical reduction through scanning cyclic
voltammetry from +0.4V to -0.6 V at a scan rate of 100 mV s'. Under electrochemical effect,
the aryl radicals are formed through a one-electron reduction [62]. In Figure 2.7B, the
irreversible wave disappears upon the performance of successive scans, indicating the
blocking of electron transfer by the newly formed radical groups. Five scans were sufficient
for subsequent generation of a satisfying organic layer [63]. Similar behaviors were observed
in recently published works [64-66].

The introduction of carboxylic acid groups onto VA-NCNT after electrochemical
reduction was validated by XPS analysis (Figure 2.7C). In addition to bands at 284.5 eV (sp’
C-C), 285.0 eV (C-C/C-H), 286.5 eV (C-O/C-N), and 288.9 eV (C=0), the presence of a band
at 291.3 eV (0O-C=0), absent in the C;s core level spectrum of VA-NCNT, indicates the
successful incorporation of COOH groups onto VA-NCNT. At the same time, the atomic
percentage of oxygen increased from 12.5% to 15.6% (Table 2.2).

The introduction of carboxylic groups onto VA-NCNT had an important effect on the
electron transfer process (Figure 2.8). Inhibition of the electron transfer due to electrostatic
repulsion between the negatively charged COOH groups and negatively charged [Fe(CN)e]*"*
redox probe was observed as pointed out by Chung et al. [67].

As shown in Figure 2.7D, after grafting of 4-carboxyphenyl diazonium salt, the terminal
acid groups of VA-NCNT-COOH electrode were activated by EDC/NHS carbodiimide,
followed by covalent linkage of neutravidin via amine bond formation. Finally,
immobilization of biotinylated aptamer probe based on high affinity between avidin and
biotin was realized by immersing VA-NCNT-neutravidin surface in a buffer solution
containing the biotinylated aptamer. The specific aptamer for lysozyme used here has the
following sequence: 5’-biotin-TTT TTT TTT TTT TTT TTT TTT TTT ATC AGG GCT AAA
GAG TGC AGA GTT ACT TAG-3’ [68].
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Figure 2.7: (A) Scheme of 4-carboxyphenyl diazonium salt formation; (B) Cyclic
voltammograms of VA-NCNT electrode in a solution of 4-aminobenzoic acid (10 mM),
NaNO, (10 mM)/HC1 (0.5 M), scan rate: 100 mV s™'; (C) Cis high resolution spectrum of
VA-NCNT-COOH; (D) Surface modification of VA-NCNT-COOH electrode through covalent
immobilization of neutravidin and interaction with biotinylated lysozyme aptamer.

After neutravidin coupling, XPS analysis of the VA-NCNT-neutravidin electrode shows
a significant increase in Ny signal from 2.1 at. % to 6.8 at. % (Table 2.2). In addition, partial
restoration of the electron transfer was observed (Figure 2.8). After binding of biotinylated
aptamer to neutravidin-modified VA-NCNT electrode, additional peaks due to P, and S5,
appeared in the XPS survey spectrum (Figure 2.9A, Table 2.2), indicating the successful
immobilization of the biotinylated aptamer onto VA-NCNT. A further decrease of the
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voltammetric peak current response of the [Fe(CN)e]*""

redox probe is observed, which
might be due to the electrostatic repulsion with the negatively charged phosphate backbone of
the aptamer. Figure 2.9B displays the HRTEM image collected from the aptamer
functionalized VA-NCNT. The image clearly shows the presence of a functionalized layer
both on the lateral sides and tip (inset image) of the carbon nanotubes, suggesting that

VA-NCNT are uniformly modified throughout their length.
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Figure 2.8: Cyclic voltammograms of VA-NCNT (black), VA-NCNT-COOH (orange),
VA-NCNT-Neutravidin (grey), and VA-NCNT-Aptamer (blue) in 5 mM [Fe(CN)e]*"* in 0.01
M PBS; scan rate: 50 mVs™.
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Figure 2.9: (A) Survey XPS spectra of VA-NCNTs: VA-NCNT (red), VA-NCNT-COOH
(purple), VA-NCNT-Neutravidin (blue) and VA-NCNT-Aptamer (black); (B) HRTEM of
aptamer modified VA-NCNT (lateral sides and inset image of tip part).
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Table 2.2: Atomic percentage (at. %) of elements as determined by XPS analysis of different

VA-NCNT electrodes.
Sample Cis(at. %) | Ogs(at. %) | Nis(at. %) | Pap (at. %) | Syp (at. %)
VA-NCNT 85.4 12.5 2.1 - -
VA-NCNT-COOH 82.3 15.6 2.1 - -
VA-NCNT-Neutravidin 75.1 18.1 6.8 - -
VA-NCNT-Aptamer 69.3 19.4 93 1.2 0.8

© 2016 Tous droits réservés.

2.3 Lysozyme sensing

To evaluate the performance of the developed sensor for the quantitative analysis of
lysozyme, DPV is chosen to record the change of the oxidative current values of [Fe(CN)e]*
upon incubating the aptamer modified interface with increasing concentrations of lysozyme.
DPV is a very sensitive electroanalytical technique to study the redox properties of extremely
small amount of chemicals due to effective discrimination against the charging current. As is
illustrated in Figure 2.10, upon binding its target, the surface-linked aptamer experiences
conformational changes, and the negative charges of the phosphate backbone in DNA are
screened in part by the positively charged protein, as reported in previous literatures [17,24].
At the same time, formation of bulky lysozyme-aptamer complex at the surface of VA-NCNT
results in partial blocking of the electron transfer from the redox probe to the electrode and
this is the dominant effect observed with the [Fe(CN)q]*" probe, translated in a smaller peak
current intensity in DPV upon increasing lysozyme concentrations (Figure 2.11A). A similar
behavior has been reported by Yang et al. for electrochemical sensing of DNA on CNT based
aptasensor [69].

As shown in Figure 2.11B, a good linear relationship with a correlation coefficient of
R=0.999 was observed between the change in the anodic peak current density of [Fe(CN)q]*
redox probe and lysozyme concentration according to j(mA cm?)=0.56-0.045x[lysozyme]
(pM). The response curve saturates at=~7 pM, most likely due to the saturation in the number
of binding sites. The detection limit of lysozyme was determined to be<100 fM from five
blank noise signals (95% confidence level), a concentration range that is appropriate for

analysis of biological samples.
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Figure 2.11: (A) DPVs of the VA-NCNT-aptamer electrode in 5 mM [Fe(CN)s]* in 0.01 M
PBS after incubation with different concentrations of lysozyme; (B) calibration curve for
lysozyme based on peak current intensity recorded by DPV.

The performance of the VA-NCNT-aptamer interface for lysozyme sensing is
considerably improved when compared to most reported electrochemical interfaces as well as
optical detection approaches (Table 2.3) without using amplification strategies or additional
modification steps. A recently developed aptamer-antibody sandwich assay reported a
detection limit of 4.3 fM by using chemical amplification [22]. Xiao et al. reported an

impedimetric lysozyme aptasensor based on graphene modified glassy carbon electrode,
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exhibiting fM level limit detection [17]. While in the case of impedimetric aptasensor, it
consists of several lengthy modification steps such as manual deposition of chitosan-graphene
oxide mixture, chemical reduction of graphene oxide prior to aptamer binding, which is much
more time-consuming as compared to VA-NCNT growth on stainless electrode.

However, one drawback of the VA-NCNT-aptamer sensor is the limited linear range,
which is comparable to that of the impedimetric lysozyme aptasensor, but much smaller than
that reported for screen printed carbon electrodes using chemical amplification [22]. This is

most likely due to the saturation of aptamer binding sites.

Table 2.3: Comparison with other lysozyme sensing platforms.

Method Interface LOD Linear range Ref.
GO/aptamer +
Fluorescence amplification using 5.6 nM 8.7-70 nM [70]
exonuclease 111
Electroluminescence | elii;r(%i;’)?zpfamer’ 120 pM | 64 pM—0.64 M | [71]
Square wave THH Au
voltammetry NCs/GCE-aptamer 0.1pM | 0.1 pM-100M [24]
) Au with thiocyanuric
Cyclic voltammetry acid /AuNPs-aptamer 0.1 pM 5 pM-1 nM [36]
SPR rGO-Au, aptamer 0.5 nM 0.5-200 nM [13]
Impedance GR-GCE-aptamer 6 ftM 0.01-0.5 pM [17]
DPV SPCE-aptame.r-antlbody 43 M 5 VL5 nM [22]
sandwich
DPV VA-NCNT-aptamer 100 fM 0.1-7 pM Our work

The reproducibility of the electrodes was expressed in terms of the relative standard
deviation (RSD) which was determined to be 2.3 % at a lysozyme concentration of 4 pM
(n=5). The long-term stability of the VA-NCNT sensor was in addition evaluated showing a
loss of 2.5 % in the cathodic peak current when testing 2 pM lysozyme solution after the
electrode has been stored at 4 °C in 0.01M PBS for 2 weeks. This indicates that the
VA-NCNT-aptamer lysozyme sensor kept its sensing ability during the storage.

The fact that the current drop was due to specific interaction between the biotinylated
aptamer on the surface and lysozyme in solution was further investigated. To illustrate the
selectivity of the sensor, VA-NCNT-aptamer electrode was incubated with four non-specific
proteins. As can be seen in Figure 2.12A, the change in current was much lower with the
other proteins like bovine serum albumin (BSA), cytochrome C (cyt C) and casein when

compared to lysozyme, indicating the good selectivity of the sensor with negligible
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non-specific interaction with other proteins. In addition, the current response of lysozyme
addition (5 pM) to non-functionalized VA-NCNT with aptamer was examined to ensure the
lysozyme’s specific binding to the aptamer. The observed current change was significantly
smaller than in the presence of the aptamer.

A major concern inherent in protein detection assays is the possibility of background
interference. It is thus important to assess the impact of serum proteins. Human serum protein
solutions (diluted 10 times with PBS) were spiked with lysozyme (5 pM final concentration)
and the current density signal was recorded by DPV (Figure 2.12B). When compared to the
current density observed for the same lysozyme concentration in PBS, no change in signal
was observed. Together with the good analytical performances, this demonstrated the
feasibility of detecting lysozyme in real serum samples and the potential utility of
VA-NCNT-aptamer electrodes to monitor the lysozyme level in patients affected by
inflammatory bowel disease (IBD).
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Figure 2.12: (A) Comparison of the analytical signal of the VA-NCNT-aptamer sensor to
addition of bovine serum albumin (BSA, 5 pM), cytochrome C (cyt C, 5 pM), casein (5 pM)
and lysozyme (5 pM), also shown is the response of unmodified VA-NCNT to 5 pM of
lysozyme; (B) comparison of the current response on VA-NCNT-aptamer interfaces towards 5
pM lysozyme when measured in PBS or spiked human serum. Aj represents the change in
current density measured by DPV in 5 mM [Fe(CN)¢]*/0.01 M PBS at pH 7.4, after
incubation of the VA-NCNT-aptamer sensor with different proteins or spiked serum.

To evaluate the reliability and potential application of the proposed sensor, the lysozyme
level in human serum samples from healthy people and patients suffering from IBD is
determined using the VA-NCNT-aptamer sensor (Table 2.4). Figure 2.13A shows the
electrochemical signals determined from diluted serum samples of healthy people and IBD
patients. In the case of healthy individuals, the human serum sample was found to contain
0.23 + 0.05 uM lysozyme. On the other hand, IBD infected patients showed lysozyme levels
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as high as 0.85 = 0.07 uM. To confirm the results, the lysozyme concentration was in parallel
determined by a classic turbidimetric assay [72]. In this assay, a suspension of killed
Micrococcus lysodeikticus is made up in PBS, test serums are added and the decrease in
optical density is recorded at 450 nm. The activity obtained was compared to those using
standard (0-20 pg mL™) concentrations of egg white lysozyme (Figure 2.13B). For healthy
individuals, the human serum sample was found to contain 3.36 + 0.45 pg mL™ (0.24 + 0.03
uM) lysozyme. IBD infected patients showed 11.20 + 0.98 pug mL™ (0.80 + 0.07 uM). These
levels are consistent with lysozyme concentrations determined using the newly developed

VT-NCNT-aptamer based assay as shown in Table 2.4. The results indicate that the newly

developed biosensor is highly reliable for the analysis of clinical samples.
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Figure 2.13: (A) DPVs of the VA-NCNT-aptamer electrode in 5 mM [Fe(CN)s]*/0.01 M PBS
after incubation with serum samples (10,000 times diluted) from healthy people (red) and IBD

patient (blue); (B) calibration curve of turbidimetric assay for the determination of lysozyme

concentrations in serum from healthy and IBD infected patients.

Table 2.4: Results of lysozyme concentrations in serum of healthy people and IBD infected

patient.
Serum sample Method Determined concentration of
lysozyme
1-Healthy people Turbidimetric assay 3.36+0.45 pgmL™
(0.24 + 0.03 uM)
2-1BD patient Turbidimetric assay 11.2+0.98 uygmL”
(0.80 + 0.07 uM)
1-Healthy people DPV on VA-NCNT-aptamer 3.22+0.89 pygmL”
electrode (0.23 £ 0.05 uM)
2-1BD patient DPV on VA-NCNT-aptamer 11.9+0.48 uygmL"
electrode (0.85 + 0.03 uM)
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2.4 Conclusion

In this chapter, the great potential of chemically modified VA-NCNT electrodes for
electrochemical sensing of lysozyme was demonstrated. Specific sensing was achieved
through covalent integration of a biotinylated lysozyme aptamer on the carbon nanotube
structures. The decrease in DPV current by using [Fe(CN)s]* as redox probe was treated as an
indicator of lysozyme binding. A determined detection limit of 100 fM was achieved without
any need of amplification, appropriate for detection of lysozyme levels in serum and urine.
Furthermore, the feasibility and reliable use of the VA-NCNT-aptamer lysozyme sensing
assay in clinical samples through the analysis of serum samples from healthy people and IBD
infected patients were evaluated. The assay presented here also has the potential to serve as an
interesting alternative for the analysis and diagnosis of patients suffering from leukemia and

other diseases associated with higher or lower lysozyme levels.
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CHAPTER 3

PREPARATION OF CARBON-BASED NANOCOMPOSITES BY
ELECTROPHORETIC DEPOSITION: APPLICATION FOR

NON-ENZYMATIC GLUCOSE SENSING

3.1 Introduction

Diabetes is a serious, chronic disease that occurs when the body does not produce
enough insulin (type 1 diabetes, which requires external insulin injection), or when the body
cannot effectively use the insulin it produces (type 2 diabetes). The majority of people with
diabetes are affected by type 2 diabetes. Diabetes of all types can lead to complications
including heart attack, stroke, kidney failure and vision loss, which can increase the overall
risk of dying prematurely [1]. According to World Health Organization’s report, the amount of
people suffering from diabetes has risen from 108 million in 1980 to 422 million in 2014 [2].
An estimated 1.5 million deaths were directly caused by diabetes and another 2.2 million
deaths related to high blood glucose content in 2012. The typical effect of diabetes is the
irregular raised sugar concentration in the blood. Therefore, precise monitoring and careful
control of glucose level in blood is of great significance in the early diagnosis and follow-up
treatment of diabetes.

Over the past few decades, a tremendous amount of work has been dedicated to the field
of glucose detection and a substantial progress has been made in this field. Various techniques
for detecting glucose by electrochemical methods [3] (amperometry [4], potentiometry [5],
etc.), optical methods [6] (fluorescence [7], surface plasmon resonance (SPR) [8],
luminescence [9], etc.), chromatography [10,11], and capillary zone electrophoresis [12] have
been proposed. Among these different detection schemes, electrochemical methods are the
most established ones with commercial success, because they offer low detection limits, fast
response time, enhanced sensitivity, good selectivity, low cost and easy operation [13]. Indeed,

the first biosensor developed was a glucose sensor reported by Clark and Lyons in 1962 [14].
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The detection of glucose is based on the use of enzymes such as glucose oxidase (GOx) or
glucose dehydrogenase (GDH) [15] immobilized onto the electrode surface (Figure 3.1A). In
the presence of GOx, glucose is converted in the presence of oxygen into gluconic acid and
hydrogen peroxide (eqn (1)), which can be electrochemically detected. This made up of the

principle for the first generation of glucose sensors.

GO
glucose + 0, = gluconic acid + H,0, (D)

Instead of oxygen, artificial mediators such as ferrocene derivatives and ferricyanide [16]
have been employed where the change in their redox current is linearly correlated to glucose.
In the process, glucose is oxidized with the reduction of the Flavin adenine dinucleotide (FAD)
group of GOx into FADH,, followed by the reoxidation of GOx (FADH,) by the electron
mediator (Med.x) to generate FAD again (Figure 3.1A), as illustrated in eqn (2) and (3). The
glucose sensors can overcome the limitations of the first generation sensors caused by oxygen
deficiency in blood samples, however, the performance of sensors was strongly affected by

the presence of redox active species like oxygen [17].

GOx(FAD) + glucose » GOx(FADH,) + gluconic acid (2)
GOx(FADH,) + Med,,, » GOx(FAD) + Med,..4 3)

The glucose sensors based on the strategy of the direct electron transfer belong to the
third generation (Figure 3.1A). In this type, electrons are directly transferred from enzyme to
the electrode. Direct electrochemistry of enzyme eliminates possible interferences caused by
co-substrates such as oxygen or mediators [18]. Figure 3.1A summarizes the mechanisms of

the different enzymatic glucose sensors.
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Figure 3.1: Different schemes of glucose sensors: (A) three generations of enzymatic
electrodes based on the use of oxygen (1% generation), artificial redox mediators (2™
generation) and direct electron transfer between enzyme and electrode (3" generation) [3]; (B)
possible scheme of non-enzymatic glucose sensors: active metal adsorption site M oxidizes
to M[OH].4s, which catalyzes the oxidation ot; glucose to gluconolactone during its reduction
to M [19].

Though enzymatic glucose sensors achieved rapid development and great success with
high selectivity and sensitivity, they still suffer from the problem of insufficient stability
caused by the dependency of enzyme’s activity on temperature, humidity, pH and
interferences [20]. Moreover, the introduction of enzymes increases the complexity as well as
the cost of sensor construction. Non-enzymatic glucose sensor appears to be an alternative
technique to overcome the disadvantages of enzymatic methods.

Unlike the traditional enzymatic sensors, non-enzymatic electrodes themselves act as
electrocatalysts instead of enzymes such as GOx (Figure 3.1B). Although there is no proved

theory explaining the mechanism of glucose oxidation at the electrode yet, two models are
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generally accepted. The activated chemisorption model proposed by Pletcher [21], which
proposes that the adsorption of glucose molecule to the electrode triggers the oxidation by
electrocatalysts. Another model known as “Incipient Hydrous Oxide Adatom Mediator”
(IHOAM) proposed by Burke [22], which is based on the formation of hydrous oxide layer
expressed as M[OH].q4s in eqn (5) with aid of active atoms on the electrode surface, mediating

the oxidation of glucose, as shown in Figure 3.1B.

H,0 - H* + OH™ (4)
M* + [OH_]ads - M[OH]ads (5)
M[OH] 445 + glucose - M* + gluconolactone (6)

Despite the fact that the electrodes offer less specific electrocatalytic ability than
enzymes for glucose oxidation, non-enzymatic glucose sensors usually display many
advantages like better stability, and lower cost [23]. A variety of nanomaterials have been
proposed for non-enzymatic glucose sensors, including metal nanoparticles or nanostructures
based on Au [24], Pt [25], Ni[26], Cu [27], Pd [28], alloys like Au-Ag [29], Pt-Pd [30], Ni-Cu
[31], metal oxides like copper oxide [32], cobalt oxide [33], nickel oxide [34] and carbon
materials such as graphene [35], carbon nanotubes [36], carbon nanofibers [37]. Materials in
the form of nanocomposites consisting of metal-based structures and carbon materials with
combined properties are particularly popular [38].

Due to the high cost of noble metals and alloys [39], low-cost transition metal based
nanostructures have become good alternatives for the preparation of non-enzymatic glucose
sensors. Copper (Cu) and cobalt (Co)-based electrodes represent interesting categories of
electrocatalytic materials for glucose oxidation. Indeed, carbohydrate oxidation at Cu
electrodes in alkaline media has been investigated already in the early 90s [40,41]. In the case
of Co-based electrodes, Co3;04 nanofibers were first explored for non-enzymatic
electrochemical glucose sensing by Ding et al. in 2010 [33]. Since then, researchers reported
various non-enzymatic glucose sensors based on Co electrodes with high sensitivity, mainly in
the form of cobalt oxides (CoO, Co(OH),, Co30s, etc.). Table 3.1 summarizes some of the Cu
and Co-based materials demonstrated in recent years for their use in non-enzymatic

electrochemical glucose detection.
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Table 3.1: Recently published copper and cobalt-based materials applied for non-enzymatic
electrochemical glucose detection.

Material LOD Sensitivity Linear range | Ref.

(M) | @QAmM ' em?) | (mM)
Cu nanobelt 10 79.8 0.01-1.3 [23]
CuO nanorod 1.2 0.45 0.01-0.1 [42]
CuS microflower 2 1007 0.02-5.4 [43]
CuO/NiO/PANI 2 340.2 pA mM™ 0.02-2.5 [44]
Cu NPs/PANI/graphene 0.27 150 0.001-3.7 | [45]
Cu NPs@Chit—CNT 0.05 | 148 pA mM’ 0.0005-1 [46]
Cu NPs/PMo;,-GR 0.03 | 1532 yAmM 0.0001-1 [47]
Cu,O/SMWNTs 0.2 2143 0.0005-2.5 | [48]
Cu@TiC/CNF arrays 0.2 415 0.001-1.7 | [49]
Cu NPs—N-GR 1.3 48.13 0.004—4.5 | [50]
CuO-GR-GCE 0.7 1360 0.002to 4 | [51]
Cu-graphene 0.5 - up to 4.5 [52]
CuNPs-graphene 0.2 607 0.005-1.4 | [53]
CuNPs/PAA/GR 0.08 - 0.0003-0.6 | [54]
CuNPs/MWCNTs 0.5 50.47 0.01-0.3 [55]
Cu—CNTs 0.21 17.76 0.0007-3.5 | [56]
Cu,O-MWCNT 0.05 6.53 up to 0.01 | [57]
CuO/MWCNTs 0.2 2596 0.0004-1.2 | [58]
CuCo-CFs/Nafion/GCE 1.0 507 0.02-11 [59]
CuO nanoneedle/N-rGO 0.01 3.4 uAmM’ | 0.0005-0.639 | [60]
CuO NPs/SG 0.08 1298.6 0.1-10.5 [39]
Cu/MnO,/MWCNTs 0.17 1302 0.01-1 [61]
CuFe;0,—MWCNTs 02 | 323pAmM"’ | 0.0005-1.4 |[62]
Co/GCE 0.5 10 pA mM 0.0005-0.5 | [63]
Co/GCE 0.3 - 0.0003-3 [64]
Co0304 0.8 27.33 0.5-5 [65]
Co0304 nanofibers 0.97 0.034 up to 2 [33]
CoO nanorods 0.06 0.57 up to 3.5 [66]
3D porous Co304 0.1 0.47 0.01-0.3 [67]
CoOOH nanosheet 1.37 526.8 0.003-1.109 | [68]
CoP nanorods 9 116.8 up to 5.5 [69]
(Co-Ni)(OH), - 122.45 0.025-3.7 | [70]
Co-MWCNT 0.3 727.37 up to 3.6 [71]
Co-Ni nanostructures/rGO | 3.79 1773.61 0.01-2.65 | [72]
Co—CuNPs/TiO, nanotube | 0.6 4651.0 up to 12 [73]
Graphene -Co304 10 - 0.05-0.3 [74]
Graphene foam -Co304 0.025 3.4 up to 0.1 [75]
C0304/PbO; nanorods array | 0.31 0.46 0.005-1.2 | [76]
CNTs/CoO/Co(OH), 2 162 up to 4.5 [77]
rGO-chitosan-Cu/Co 10 1920 0.015-6.95 | [78]

Abbreviations-Chit: chitosan, CNT: carbon nanotube; CuCo-CFs: Bimetallic CuCo nanoparticles
doped-carbon nanofibers; Cu NPs: copper nanoparticles ; GR: graphene; MWCNTs: multi-walls carbon
nanotubes; N-GR: nitrogen-doped graphene; N-rGO: nitrogen-doped reduced graphene oxide; PAA/GR:
polyacrylic acid/graphene; PANI : polyaniline; PMo;,-GR: phosphomolybdic acid functionalized graphene;
SG: S-doped graphene.
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From Table 3.1, it becomes clear that integration of Co and Cu nanostructures into/onto
carbon-based materials and electrodes has shown to be advantageous for non-enzymatic
glucose sensing, where highly sensitive sensing with low detection limits can be achieved.

Graphene with a high density of edge-plane defect sites is an ideal support for various
nanostructures. A Cu nanowire/reduced graphene oxide (Cu NWs/rGO) hybrid with
fascinating sensitivity for glucose oxidation was fabricated recently through a one-step
wet-chemical synthetic approach, in which hydrazine was used for GO reduction and Cu NWs
formation [79]. Dong et al. developed a 3D graphene/Co3;04 nanowire composite by the in
situ synthesis of Co304 nanowires on 3D graphene foam grown by chemical vapor deposition
[75]. The composite demonstrated remarkable performance towards non-enzymatic glucose
sensing with a sensitivity of 3.9 mA mM™ cm™ and a detection limit of 100 nM. Kong ef al.
took advantage of thionine functionalized graphene oxide (GO) with embedded Au
nanoparticles (NPs) for the enzyme-free detection of glucose with a low detection limit of 50
nM [80]. Table 3.2 summarizes some graphene-based composites for non-enzymatic
electrochemical glucose sensing published recently.

Next to rGO, carbon nanofibers (CNFs), cylindric nanostructures comprising graphene
layers that are arranged as stacked cones, cups or plates with lengths up to micrometers and
diameters in the range of tens to 200 nm [81], have been extensively used as non-enzymatic
glucose sensors (Table 3.2). Lu et al. demonstrated the CuO nanoparticles deposition on
nitrogen-doped carbon nanofibers (N-CNFs) through a solvothermal approach [82]. Due to
the synergistic effect of the properties of CuO nanoparticles and N-CNFs, the CuO/N-CNFs
modified electrodes exhibited excellent activity for direct electrocatalytic oxidation of glucose
with much higher sensitivity than electrode modified with pure CuO nanoparticles or N-CNFs.
Indeed, the combination of metal nanoparticles with carbon materials can often greatly
improve the overall catalytic activity of nanomaterials. A series of bimetallic MCo (M=Cau, Fe,
Ni, and Mn) nanoparticles anchored and embedded in CNFs by electrospinning and
subsequent thermal treatment processes have been synthesized recently by Li ef al. [59].
Benefit from the structural advantages of the 3D network and the synergistic effect of the
Co(IIT)/Co(IV) and Cu(II)/Cu(II) redox couples, CuCo-CNFs displayed the best performance
for enzyme free detection of glucose with a wide linear range from 0.02 to 11 mM and a

detection limit of 1 uM.
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Table 3.2: Graphene/carbon nanofibers-based nanocomposites and their performance for

non-enzymatic electrochemical glucose sensing.

Electrode Method of electrode LOD | Sensitivity Linear Ref.
fabrication (M) | (A 1rn2M‘1 range (mM)
cm™)
Cu nanoflower/RGO Electrochemical 0.5 50.4 0.002-13 [83]
paper deposition / mold-casting
Cu,O/graphene/GCE Chemical reduction / 0.36 1330.03 0.01-3 [84]
drop casting
Cu,O/NiOx/GO/GCE | Electrodeposition / drop 0.4 285 0.002-0.87 | [85]
casting
Cu,O/AIOOH/rGO/G Chemical reduction / 2.6 155.1 0.005-14.77 | [86]
CE drop casting
CuO/PrGO-GCE Hydrothermal reaction / 0.5 207.3 0.001-6 [87]
dip coating
AuNPs/NG/ITO Seed-assisted growth / 12 0.25 0.04-16.1 | [88]
transfer
Au—CuO/rGO/SPE Chemical reduction / 0.1 2356 up to 12 [89]
drop casting
Pt NPs/graphene/GCE | Hydrothermal method / - 137.4 5-20 [90]
drop casting
Co304/graphene/GCE | Hydrothermal reaction / - 492.8 0.25-10 [91]
dip coating
Cobalt oxide Electrodeposition / paste | 1.44 1.21 0.04-4 [92]
NPs/rGO/CPE
CoO,NPs/rGO/GCE | Electrodeposition / drop 2 79.3 0.01-0.55 | [93]
casting
NiO NPs/GO/GCE Electrodeposition / drop 1 1087 0.00313-3.1 | [94]
casting 5
CuO/N-CNFs/GCE | Solvothermal approach / - 968 0.25-2 [82]
drop casting
484 2-4
Pt NPs/CNFs/GCE Chemical reduction / 33 2.03 0.3-17 [95]
drop casting
Ni/CNFs/GCE Electrospinning / drop 0.05 6.3934 0.000125-0. | [96]
casting 01273
CNFs-Ni(OH),/GCE | Hydrothermal method / 0.76 1038.6 0.001-1.2 | [97]
drop casting
Co-CNFs/GCE Electrospinning / heat 50 97 0.5-3.5 [59]
treatment / drop casting
CuCo-CNFs/GCE 1 507 0.02-11
FeCo-CNFs/GCE 10 196 0.2-10
NiCo-CNFs/GCE 20 141 0.1-10
MnCo-CNFs/GCE 50 36 0.5-7
Cu NPs@TiC/CNFs/ Thermal method / 0.2 415.02 0.001-5.2 | [49]
Ti6Al4V substrate electrodeposition
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CuO NPs-CNFs/GCE In-situ growth / drop 0.2 2739 0.0005-11.1 | [98]
casting
Ni NPs/CNFs paste Electrospinning / heat 1 420.4 0.002-2.5 | [37]
electrode treatment / paste
Cu-Co-Ni/CNFs-GCE | Electrodeposition / drop | 3.05 104.68 0.01-4.3 [99]
casting
CuO/rGO/CNFs/GCE | Electrodeposition / drop 0.1 912.7 0.001-5.3 | [100
casting ]

Abbreviations- CPE: carbon paste electrode; NG/ITO: nitrogen doped graphene/indium tin oxide coated
glass slide; PrGO: porous reduced graphene oxide; SPE: screen printed electrode.

In this chapter, we investigated the potential of rGO/Cu NPs and CNFs/Co(OH),
nanocomposites, formed by electrophoretic deposition (EPD) onto Au/Ti/glass interfaces, as
interesting alternative electrodes for non-enzymatic glucose sensing. Indeed, the preparation
of electrodes for non-enzymatic glucose sensing, consists mainly in the synthesis of the
electrocatalytic materials, followed by the transfer of the synthesized composites to the
electrode by drop casting, dip coating, spray coating, efc. The process lacks of controllability
of the area, thickness and uniformity of deposited films. Furthermore, in the case of rGO,
hydrazine reduction of GO is often employed, being harmful for the environment. The use of
electrophoretic deposition is thus a viable alternative to overcome both constrains in the
preparation of glucose sensitive electrodes.

Recently, our group has demonstrated the EPD of rGO for lysozyme detection by SPR
[101], and the preparation of a rGO matrix modified with Ni(OH), nanostructures for
non-enzymatic determination of glucose with a detection limit of 15 pM [102]. We show, in
this chapter, that gold thin films electrophoretically modified with rGO/Cu NPs or
CNFs/Co(OH); nanocomposites exhibit high activity towards direct electrocatalytic oxidation

of glucose with sensitivities of 0.448 and 68 mA mM™ cm™, respectively.

3.2 Formation of electrocatalytic films towards glucose oxidation

3.2.1 EPD of rGO/Cu NPs

rGO/Cu NPs nanocomposites were deposited on Au/Ti/glass substrate from a colloidal
suspension of GO and CuSOj4 (Figure 3.2). GO produced by the Hummers method displays
oxygen-based functional groups such as hydroxyl and epoxide on the basal planes, and
carboxyl and carbonyl groups at the edges. The presence of these functional groups makes

GO negatively charged with a zeta potential of -23+2 mV. Addition of an equivalent amount

53

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Qian Wang, Lille 1, 2016

CHAPTER 3 Preparation of Carbon-based Nanocomposites by Electrophoretic Deposition:
Application for Non-enzymatic Glucose Sensing

of CuSOy resulted in a colloidal solution with an overall positive zeta potential of +15+2 mV,

making cathodic EPD feasible.

WO @ad
'ggggg“ O0H CuSOy4
G

GO
cut +
CuNPs O

rGO/Cu NPs

Figure 3.2: Schematic illustration of the preparation of rGO/Cu NPs using EPD.

The morphology and chemical composition of rGO and rGO/Cu NPs nanocomposite
were characterized by scanning electron microscopy (SEM) and energy dispersive X-ray
(EDX) analysis. Figure 3.3A displays the SEM image of rGO deposited on Au/Ti/glass
substrate from an ethanol solution of GO (0.5 mg mL™) at an applied voltage of +50 V for 2
min. It consists of a smooth and homogeneous film. EDX analysis performed on rGO
modified Au/Ti/glass substrate shows signals due mainly to C, O, Ti, Au and Si (Table 3.3).
This is in accordance with the chemical composition of the film and the underlying substrate
(glass substrate). Characteristic SEM images of rGO/Cu NPs nanocomposite obtained from an
ethanolic solution of GO (0.5 mg mL™) and CuSO4 (0.5 mg mL™) by EPD at an applied
voltage of +50 V and a deposition time of 1-3 min are depicted in Figure 3.3B-D. The
presence of a homogeneous film of Cu NPs is clearly visible on all SEM images of interfaces
obtained for different deposition times. For the rGO/Cu NPs deposited for 1 min, the Cu NPs
have an average diameter of 67+6 nm (estimation from 200 nanoparticles). Compared to the
sample prepared by EPD for 1 min, SEM images of rGO/Cu NPs film obtained after 2 min
and 3 min deposition times display similar morphology, but denser films of Cu NPs (Figure
3.3C-D). The Cu NPs are 50+7 nm (2 min) and 60+7 nm (3 min) in diameter, respectively.
EDX analysis of the rGO/Cu NPs films deposited on Au/Ti/glass substrate exhibit signals due
to Cu, C, O, Au and Si (Table 3.3). The results are in good agreement with simultaneous Cu

and rGO deposition on the Au/Ti/glass substrate. The Cu atomic concentration increases from
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5.72 % (1 min) to 11.96 % (2 min) and 16.35 % (3 min) (Table 3.3).

(A)

" BN
e WO Hipe® WP O

15,0kV 15.6mm x50.0k SE(M)

Figure 3.3: SEM images of (A) rGO with deposition time of 2 min; (B) rGO/Cu NPs with
deposition time of 1 min; (C) rGO/Cu NPs with deposition time of 2 min and (D) rGO/Cu
NPs with deposition time of 3 min deposited by EPD technique using an ethanolic solution of
GO (0.5 mg mL™) and GO (0.5 mg mL™) + CuSO4 (0.5 mg mL™"), respectively. Applied
voltage: +50 V.

Table 3.3: EDX results of rGO and rGO/Cu NPs deposited by EPD technique using GO and
GO + CuSOy in ethanol, respectively. Applied voltage: +50 V; GO (0.5 mg mL™), CuSOy4 (0.5

mg mL™).
Element | rGO-2 min | rGO/Cu NPs-1 min | rGO/Cu NPs-2 min | rGO/Cu NPs-3 min
(at. %) (at. %) (at. %) (at. %)
CuK - 5.72 11.96 16.35
CK 19.76 19.84 21.40 18.05
OK 26.20 27.02 24.21 26.80
TiK 0.80 - - -
AuM 10.30 9.42 9.68 8.98
SiK 30.98 28.66 24.85 25.60
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The crystalline phase of the as-prepared substrates was characterized by X-ray
diffraction (XRD) in the range of 10-90°. Figure 3.4 illustrates the XRD patterns of rGO and
rGO/Cu NPs deposited through EPD. The XRD pattern of rGO deposited on Au/Ti/glass
sensor displays a broad peak at 24.2° and a small peak at 44.3° (corresponding to the (002)
and (100) planes) characteristic of graphene, and peaks of the underlying Au substrate at 38.3°
and 81.6° corresponding to the (111) and (222) crystalline planes, respectively (Figure 3.4a).
The X-ray diffraction (XRD) patterns of rGO/Cu NPs deposited by EPD from an ethanolic
solution of GO (0.5 mg mL™) and CuSO, (0.5 mg mL™") at an applied voltage of +50 V for
1-3 min are depicted in Figure 3.4b-d. An additional peak at 26 value of 43.3° corresponding

to Cu (111) crystalline plane appears, in accordance with Cu deposition.

10 20 30 40 50 60 70 80 90
2 theta (deg.)

Figure 3.4: XRD patterns of (a) rGO with deposition time of 2 min; (b-d) rGO/Cu NPs for
1-3 min deposition times deposited by EPD technique using an ethanolic solution of GO (0.5
mg mL™") and GO (0.5 mg mL™") + CuSO4 (0.5 mg mL™), respectively. Applied voltage: +50

V.

X-ray photoelectron spectroscopy (XPS) analysis results also confirmed the formation of
rGO/Cu NPs nanocomposites. The C;s core level XPS spectrum of GO nanosheets is
displayed in Figure 3.5A. It can be deconvoluted into four components with binding energies
at about 283.8, 284.7, 286.7 and 287.9 eV assigned to sp2 C, C-H/C-C, C-0O and C=0 species,
respectively. The spectrum is dominated by the peak at 287.6 eV due to C-O, in accordance
with a high oxidation degree of GO. Figure 3.5B depicts the high resolution XPS C;s core

level spectrum of the Au/Ti/glass electrode interface modified with rGO/Cu NPs. It can be
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deconvoluted into three peaks at 284.08 eV (sp” C), 285.1 eV (sp’ C) and 287.80 eV (C=0)
with the sp> C component being dominant, suggesting partial reduction of GO during EPD

deposition. The high resolution of the core level of Cu,, reveals the presence of several peaks
with binding energies at 932.66, 934.2, 941.83, 951.46, 953.94, and 960 ¢V (Figure 3.5C).
The peaks at 932.66 and 951.46 eV are attributed to Cu2ps,, and Cu2p;,, respectively from

| L
288 286 284 282

\
202 290

Binding energy / eV

Intensity (a.u.)
Intensity (a.u.)

\ \ \ \ \ *
294 292 290 288 286 284 282 965 960 955 950 945 940 935 930

Binding energy (eV) Binding energy (eV)

Figure 3.5: High resolution XPS spectra: (A) Cis of GO; (B) Cys and (C) Cuyp of rGO/Cu NPs
modified Au/Ti/glass electrode deposited by EPD (+50 V, 2 min).

metallic Cu’ or Cu” (Cu,0). Based on the literature data, the peak at 932.66 eV is most likely
due to Cu’ (the ISO standard Cu metal line is at 932.63 eV with a deviation set at £0.025 ¢V)
[103]. The peaks at 934.2 and 953.94 eV are due to Cu2ps, and Cu2p;,, respectively from
Cu”". These peaks arise from Cu(OH); rather than CuO [103]. In addition, the presence of
shake-up satellite peaks at higher binding energies i.e. 941.83 and 960 eV, characteristic of
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materials having a d° configuration in their ground state, clearly indicates the presence of Cu®".
The overall Cu content is 10.4 at. %, indicating high loading of Cu NPs onto the rGO surface.
The result is consistent with EDX analysis (11.96 at. %) of the same sample (Table 3.3).

3.2.2 EPD of CNFs/Co(OH),

Similarly, CNFs/Co(OH), nanocomposites were deposited on Au/Ti/glass substrate from
an ethanolic suspension of CNFs and Co(NOs), by EPD at +50 V for 1-3 min (Figure 3.6).
The ratio between CNFs and Co(NO;), was varied as following: 1:1 (0.5:0.5 mg mL™), 1:2
(0.25:0.5 mg mL"') and 2:1 (0.5:0.25 mg mL"') to obtain various CNFs/Co(OH),
nanocomposites. In the meantime, Co(NOs3), solution alone without CNFs was also used for

Co(OH); deposition by EPD for comparison.

Cathodic EPD
50V, 13 min
NOs NO, + OH-
, IES CNFs@Co* —
C=-16 mV £=+36 mV CNFs@Co(OH),
on Au/Ti/glass
(B)
30 : :
25 |-

thickness / um
- N
(@)] o
I I

-
o
I

0 \ \ \ \ \ \
0O 05 1 1 2 25 3

time / min

Figure 3.6: (A) Schematic illustration of the fabrication of CNFs/Co(OH); films on
Au/Ti/glass interfaces using EPD; (B) influence of deposition time on the thickness of
CNFs/Co(OH); (ratio of CNFs to Co(NOs3), is 2:1).
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The CNFs, formed by thermal chemical vapour deposition method, were kindly provided
by Dr. Nianjun Yang (University Siegen, Germany). The morphology of the CNFs consists of
a curved structure with a mean diameter of 120-200 nm and a length in the order of 10 pm
(Figure 3.7A). Prior to EPD, the zeta-potential of CNFs was measured in ethanol and was
found to be -16.2£1.0 mV (50 pg mL™), indicating a negatively charged surface, which is
ideal for adsorption of positively charged metal ions. Mixing the CNFs with Co(NO3); in 1:1,
1:2 or 2:1 ratio results in a mixture with an overall positive zeta potential (measured with a
dilution by 10 in ethanolic solution) of +36.0£1.4 mV, +37.1+1.3 mV and +35.5£0.7 mV,
respectively, confirming the surface adsorption of Co*" ions onto CNFs. The results indicated
that the ratio of Co salt has no obvious influence on the zeta potential of the colloidal solution.
Application of a DC potential of +50 V results in the formation of CNFs/Co(OH),. As
demonstrated before, one of the great advantages of EPD is the control of film thickness by
varying the deposition time (Figure 3.6B). The morphology of CNFs/Co(OH), and for
comparison with Co(OH), alone electrophoretically deposited using the same conditions are
investigated by SEM (Figure 3.7B-E). The CNFs network remains well preserved in
CNFs/Co(OH),. Magnification of the SEM images leads to the appearance of small particles
of 20-50 nm in diameter decorating the surface of CNFs (insets of Figure 3.7C-E), which is
believed to be Co(OH),.

The influence of the CNFs/Co(NOs), ratio on the distribution of Co(OH), was also
evaluated by investigation of 1:1, 1:2 and 2:1 ratios. In the case of CNFs/Co(NOs), = 1:1, few
particles were formed (Figure 3.7C), which is probably due to the large amount of ions and
particles in colloidal solution, leading to a relatively slow kinetics [104]. When the CNFs
amount is lowered (CNFs/Co(NOs), = 1:2), cobalt products seem to grow fast and aggregate
into tiny clouds alongside the CNFs (Figure 3.7D). Using a CNFs/Co(NOs), = 2:1, small
amounts of Co”" in the solution results in a mild movement and growth of Co(OH), because

of a slightly lower zeta potential, making the particles uniformly distributed (Figure 3.7E).
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(A)

(D) ()

Figure 3.7: SEM images of (A) CNFs on Au/Ti/glass by drop casting; (B) Co(OH); on
Au/Ti/glass by EPD; (C) CNFs/Co(OH), composite on Au/Ti/glass by EPD,
CNFs/Co(NOs3),6H,0 ratio of 1:1; (D) CNFs/Co(OH), composite on Au/Ti/glass by EPD,
CNFs/Co(NOs3),:6H,0 ratio of 1:2, and (E) CNFs/Co(OH), composite on Au/Ti/glass by EPD,
CNFs/Co(NOs),:6H,0 ratio of 2:1. EPD parameters: applied voltage = +50 V, deposition time
=2 min.

The chemical composition of the CNFs/Co(OH), composite was further examined by
XPS. In Figure 3.8A, the Coy, high resolution XPS spectrum shows two characteristic peaks
centred at 781.2 and 797.1 eV, corresponding to Coxps» and Coapip, respectively. The position
of the bands as well as the band separation of 15.9 eV confirms that Co mainly exists as

Co(OH); [105,106]. The bands at 785.7 and 802.9 eV are satellite bands of Co”" [105,106].
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The atomic percentage of Co was estimated to be 12.5 at.% with an atomic ratio of C/Co=3.1
(CNFs/ Co(NOs), ratio of 2:1, applied voltage=+50V, deposition time=2min). Figure 3.8B
depicts the C;s spectrum of the CNFs/Co(OH), composite. The main peak at 284.8 eV is
assigned to the sp” carbon of the nanofibers. The other peak components can be assigned to

sp> carbon at 285.2 ¢V, C—O bonding at 286.4 ¢V, and O—C=0 at 289.9 eV [107].
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Figure 3.8: High resolution XPS spectra: (A) Cos, and (B) Cis of CNFs/Co(OH), modified
Au/Ti/glass electrode deposited by EPD, CNFs/Co(NOs), ratio of 2:1, applied voltage=+50V,
deposition time=2min; (C) nitrogen adsorption-desorption isotherm analysis of
CNFs/Co(OH); nanocomposite by EPD.

The specific surface area of CNFs/Co(OH), was determined from adsorption-desorption
isotherm analysis (Figure 3.8C). The specific surface for CNFs/Co(OH),, calculated using
Brunauer-Emmet-Teller (BET) theory and Langmuir equation, is 68.9 m* g and 98.8 m* g™,
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respectively. These values are comparable with normal carbon nanotubes, which have

theoretical specific surface area from 50 to 1315 m* g, depending on their structure [108].

3.3 Non-enzymatic glucose sensing

3.3.1 rGO/Cu NPs modified electrode

Before investigating the electrocatalytic performance of the nanocomposite material
toward glucose oxidation, the rGO/CuNPs modified Au/Ti/glass electrode was scanned
between -1 V to +0.2 V by cyclic voltammetry (CV) (Figure 3.9). The anodic peaks at -0.35
V and -0.12 V correspond to the transitions Cu’/Cu(I) and Cu(I)/Cu(Il), respectively. In the
cathodic scan, the peaks at -0.38 V and -0.80 V correspond to the re-formation of Cu(I) and
Cu’, respectively. This behavior is similar to those reported for copper and copper nanowire

electrodes in NaOH aqueous solution [40,41,109].

400 ——
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Figure 3.9: Cyclic voltammograms of rGO/Cu NPs deposited by EPD (+50 V, 2 min) on
Au/Ti/glass electrode in 0.1 M NaOH, scan rate: 50 mV s™.

In order to investigate the applicability of the rGO/Cu NPs modified Au/Ti/glass
electrode for non-enzymatic glucose sensing, a simplified analysis was carried out in the
potential range pertinent for amperometric detection of glucose from +0.2 V to +0.8 V. Figure
3.10A depicts the CVs of the rGO/Cu NPs (deposition time = 2 min) modified Au/Ti/glass
electrode in 0.1 M NaOH aqueous solution in the absence and presence of 1 mM glucose. A
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significant increase of the anodic current is obvious upon addition of glucose, suggesting a
good electrocatalytic activity of the rGO/Cu NPs film toward glucose oxidation. In contrast,
only a slight anodic current increase at the potential above +0.5 V can be detected in the
presence of glucose on rGO modified Au/Ti/glass electrode, indicating that rGO alone,
deposited by EPD under our experimental conditions (EPD deposition from 0.5 mg mL™" of
GO at +50 V for 2 min), is not electroactive toward glucose oxidation (Figure 3.10B).

Furthermore, the electrocatalytic ability of Cu modified Au/Ti/glass electrode deposited by
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Figure 3.10: Cyclic voltammograms of (A) rGO/Cu NPs deposited by EPD (+50 V, 2 min),
(B) rGO deposited by EPD from 0.5 mg mL™" of GO solution and (C) Cu NPs deposited by
EPD from 0.5 mg mL™" of CuSOy in ethanol solution on Au/Ti/glass electrode in 0.1 M NaOH
aqueous solution in the absence (black) and presence (red) of 1 mM glucose; (D) rGO/Cu NPs
deposited by EPD for 1, 2 and 3 min on Au/Ti/glass electrode in 0.1 M NaOH aqueous
solution with 1 mM glucose. Scan rate: 50 mV s™,
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EPD from 0.5 mg mL™" of CuSO, in ethanol at +50 V for 2 min towards glucose oxidation
was examined. In Figure 3.10C, although the electrode showed an increase of the anodic
current upon addition of 1 mM glucose, the current density remains lower than that recorded
on rGO/Cu NPs modified Au/Ti/glass electrode. The results indicate a synergistic effect of
rGO and Cu NPs in the electrocatalytic system of glucose oxidation. Similarly, the CVs of
rGO/Cu NPs modified Au/Ti/glass electrodes for various deposition times (1, 2 and 3 min)
were recorded in the presence of 1 mM glucose in the potential range of 0.2-0.8 V under
otherwise similar conditions. Figure 3.10D shows that both samples for deposition times of 1
min and 3 min exhibited lower current density compared to the electrode prepared through
EPD deposition for 2 min. Then the electrode modified with rGO/Cu NPs for 2 min was
chosen for further sensing applications.

The electrocatalytic response of Au/Ti/glass electrode modified with rGO/Cu NPs to
glucose was further investigated by amperometric current-time response upon successive
addition of different concentrations of glucose. Figure 3.11A displays the amperometric
response of the modified electrode at an applied potential of +0.55 V vs. Ag/AgCl. The
oxidation current increased gradually upon injection of increasing concentrations of glucose
into the NaOH solution and reached the maximum steady state current within 15 s. Figure
3.11B shows the corresponding calibration curve of the current response versus glucose
concentration. A linear current-response relationship was obtained as a function of glucose
concentration from 0.01 to 1.2 mM with j (pA cm?) = 24.892 + 447.65[glucose] (mM),
R=0.998) with an estimated sensitivity of 447.65 pA mM™ cm™. A detection limit of 3.4 pM
at a signal-to-noise ratio of 3 was achieved using Au/Ti/glass electrode modified with rGO/Cu
NPs. The detection limit determined for the sensor is in the same order or slightly higher than
0.03 to 1.3 uM reported in the literature for Cu-based/graphene electrodes prepared using
various approaches (Table 3.4) [39,45,47,50-54]. However, the proposed strategy for the
preparation of metal oxide nanoparticles’rGO 1is a one-pot, straightforward, and
environmentally friendly approach that can be easily used for the integration of other
nanoparticles on the same matrix and thus opens up new routes for the design of more

sensitive sensors.
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Figure 3.11: (A) Amperometric response of rGO/Cu NPs modified Au/Ti/glass electrode
polarized at +0.55 V vs. Ag/AgCl in 0.1 M NaOH aqueous solution with subsequent addition
of glucose (10 uM, 100 uM or 200 pM); (B) the corresponding calibration curve.

Table 3.4: Comparison of analytical performance with other Cu/rGO-based non-enzymatic
glucose sensors.

Material LOD Sensitivity Linear range Ref.
(uM) | (@A mM ' em?) | (mM)
CuO NPs/SG 0.08 1298.6 0.1-10.5 [39]
Cu NPs/PANI/graphene | 0.27 150 0.001-3.7 [45]
Cu NPs/PMo;>-GR 0.03 | 1532 pAmM”’ | 0.0001-1 [47]
Cu NPs—N-GR 1.3 48.13 0.004-4.5 [50]
CuO-GR-GCE 0.7 1360 0.002 to 4 [51]
Cu-graphene 0.5 - up to 4.5 [52]
CuNPs-graphene 0.2 607 0.005-1.4 [53]
CuNPs/PAA/GR 0.08 - 0.0003-0.6 [54]
Cu NPs/rGO 34 447.65 0.01-1.2 | This work

The detection of glucose is often hampered by the presence of oxidizable molecules,
which can compromise the selectivity of detection and hence the overall accuracy of
measurement [20]. To evaluate the selectivity of the nanocomposite, a number of oxidizable
and interfering molecules such as dopamine (DA), ascorbic acid (AA), uric acid (UA) and
other carbohydrate derivatives such as fructose, lactose and galactose were examined at the
Au/Ti/glass electrode modified with rGO/Cu NPs. Figure 3.12 compares the amperometric
response of the Au/Ti/glass electrode coated with rGO/Cu NPs upon successive additions of
glucose (500 uM), UA (50 uM), AA (50 uM), DA (50 uM), fructose (50 uM), lactose (50 uM)
and galactose (50 uM) in 0.1 M NaOH aqueous solution at an applied potential of +0.55 V vs.
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Ag/AgCl. No significant current increase was detected upon addition of AA, UA and DA, as
compared to amperometric response obtained upon glucose addition, suggesting that these
species do not interfere with glucose detection under our experimental conditions. Similarly,
no obvious response of the Au/Ti/glass electrode coated with rGO/Cu NPs was recorded upon
addition of different interfering carbohydrate molecules at the physiological concentration
level. The results indicate that the Au/Ti/glass electrode modified with rGO/Cu NPs exhibits a

good selectivity toward glucose detection.
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Figure 3.12: The amperometric response of the rGO/Cu NPs modified Au/Ti/glass electrode

exposed to glucose (500 uM), ascorbic acid (AA, 50 uM), uric acid (UA, 50 uM), dopamine

(DA, 50 uM), fructose (50 uM), lactose (50 uM) and galactose (50 uM). Electrolyte: 0.1 M
NaOH aqueous solution, potential: +0.55 V.

The practical applicability of Au/Ti/glass electrode modified rGO/Cu NPs by EPD for
the determination of glucose was tested in human serum samples. Figure 3.13 exhibits the
amperometric response of the rGO/Cu NPs coated Au/Ti/glass electrode upon successive
additions of different analytes (standard glucose solution, human serum sample, AA and UA)
in 0.1 M NaOH aqueous solution at an applied potential of +0.55 V vs. Ag/AgCl The
concentration of glucose in the human serum sample was determined to be 4.7 mM by using
the calibration curve in Figure 3.11B. Considering that the concentration of glucose in human
blood serum is in the range of 3.9-6.1 mM [110], the value determined from the calibration
curve of the fabricated glucose sensor is quite reasonable. Besides, the addition of 0.1 mM

UA and 0.1 mM AA cause insignificant current increase, suggesting that these species do not
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interfere with glucose detection in real samples.
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Figure 3.13: The amperometric response of the rGO/Cu NPs modified Au/Ti/glass electrode
upon successive additions of different analytes. Electrolyte: 0.1 M NaOH aqueous solution,

potential: +0.55 V.

To verify the value obtained by the non-enzymatic glucose sensor of rGO/Cu NPs, a

well-established phenol-sulfuric acid colorimetric method was applied for the analysis of

carbohydrates [111]. The method is based on the dehydration of carbohydrates by sulfuric

acid with further condensation through phenol, resulting in a yellow-orange colored

compound [112]. Figure 3.14A shows the UV-Vis absorption spectra of a series of standard

glucose solution and the tested human plasma sample. The absorbance (Am.x~490 nm)

difference was plotted against the glucose concentration to generate a standard calibration

curve (Figure 3.14B). Then the sugar content in human plasma sample was determined to be

451 mM by the colorimetric method. The comparable results obtained using the

non-enzymatic glucose sensor constructed by EPD and the well-established colorimetric

method proved the feasibility of rGO/Cu NPs electrode for real sample analysis.
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Figure 3.14: Determination of glucose using the well-established phenol-sulfuric acid
colorimetric method: (A) UV-Visible absorption spectra of a mixture of phenol (5 wt. %, 1
mL), concentrated H,SO4 (5 mL) and a series of 1 mL standard glucose solution (20, 40, 60,
80,100 pg mL ™) / human serum sample (50 pL); (B) the corresponding calibration curve.

Finally, the reproducibility of the Au electrode coated with rGO/Cu NPs film was
examined by measuring the current signal of 0.1 mM glucose at 6 modified electrodes
produced under otherwise similar experimental conditions. A relative standard deviation
(RSD) of 6.67% was determined, indicating good reproducibility and reliability of the
fabrication method. The long-term stability of the electrode was estimated after storage in a
refrigerator at 4°C for 2 weeks. The sensor retained about 89.6% of its initial current response
to 0.1 mM glucose in 0.1 M NaOH aqueous solution at +0.55 V, suggesting a good stability

of the electrode.

3.3.2 CNFs/ Co(OH); modified electrode

Figure 3.15A shows the CVs of CNFs deposited by drop-coasting and
electrophoretically deposited CNFs/Co(OH), onto Au/Ti/glass electrodes. In 0.1 M NaOH, no
features were observed on CNFs coated clectrodes. In contrast to CNFs, the CV of the
CNFs/Co(OH); interface displays a pair of broad redox waves between 0.05 and 0.4 V vs.
Ag/AgCl, which are assigned respectively to the reversible transition between Co(OH), and
CoOOH [113,114]. The addition of glucose (0.1 mM) results in a significant increase of the
oxidation current of the Co(OH),/CoOOH redox couple (Figure 3.15B). This is probably due
to the rapid electrocatalytic oxidation of glucose with the Co(OH),/CoOOH system,
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presumably following the reaction described in eqn (7). As expected, CNFs alone did not
show any electrocatalytic activity towards glucose under the identified conditions (Figure

3.15B).

Co(OH), + glucose - CoOOH + gluconalactone (7

The synergetic effect of CNFs in the CNFs/Co(OH), was demonstrated by investigating
the electrocatalytic behaviour of electrophoretically deposited Co(OH), film without CNFs. In
the case of EPD from Co(NOs3),, the deposition occurs on the cathode due to the positive zeta
potential of the Co(NOs3), solution. The electrocatalytic reaction is less marked on Co(OH),
films than on CNFs/Co(OH),, resulting mainly in a shift of the peak of Co(OH),/CoOOH
redox in the presence of 0.1 mM glucose (Figure 3.15C).
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Figure 3.15: (A) Cyclic voltammograms (CV) of CNFs (grey) and CNFs/Co(OH), (ratio 2:1,
2 min deposition time) on Au/Ti/glass electrodes in 0.1 M NaOH, scan rate: 50 mV s ; (B) in
the presence of 0.1 mM glucose; (C) CV of Au/Ti/glass electrodes modified with Co(OH),
through EPD in absence (black) and presence (dotted black) of glucose (0.1 mM) in 0.1 M
NaOH, scan rate: 50 mV s™.

69

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Qian Wang, Lille 1, 2016

CHAPTER 3 Preparation of Carbon-based Nanocomposites by Electrophoretic Deposition:
Application for Non-enzymatic Glucose Sensing

Compared with the results on rGO/Cu NPs, it should be noticed that CNFs/Co(OH),
modified electrode exhibits a much more significant catalytic ability towards glucose
oxidation, with an increase of Co(II)/Co(III) redox in current density around 10 mA cm™ with
the addition of 0.1 mM glucose (Figure 3.15A-B). This makes CNFs/Co(OH), modified
Au/Ti/glass electrode a competitive matrix for glucose sensing. Under both circumstances, the
enhanced synergistic effect of introduced metal nanostructures and carbon materials
demonstrates the importance of nanocomposites in sensing applications.

In an attempt to optimise the parameters such as deposition time, and CNFs/Co(NO3),
ratio for glucose sensing, different matrices were formed by EPD. Figure 3.16 summarises in
form of a bar diagram the best electrocatalytic response to glucose addition. The strongest
electrocatalytic behaviour is observed for Au/Ti/glass electrode coated with CNFs/Co(OH),
for a deposition time of 2 min from a mixture CNFs/Co(NOs), at a ratio of 2:1. Thus this

sample was chosen for further non-enzymatic sensing of glucose.
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Figure 3.16: Comparison of electrocatalytical response of CNFs, Co(OH), films and
CNFs/Co(OH); films where the ratio CNFs/Co(NOs3), was changed as well as the deposition
time.

To confirm the ability of CNFs/Co(OH), modified Au/Ti/glass electrodes by EPD for
glucose sensing in alkaline medium, an amperometric response curve to successive additions
of glucose when a potential of +0.55 V was applied to the interface was recorded. As seen in
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Figure 3.17A, the amperometric response shows a steady-state increase upon the addition of

glucose with a very fast response time (10 s). Those steady-state currents were applied to

construct the calibration curve. As shown in Figure 3.17B, an excellent linearity (R*=0.999)

according to j (mA cm™)=5.3+68[glucose] (mM) over a concentration range from 10 pM to

0.12 mM was recorded. The detection limit of the electrode was calculated to be 5 uM at a

signal to noise ratio of 3 (S/N=3). Compared to the analytical performance of other Co-based

non-enzymatic glucose sensors, the proposed CNFs/Co(OH), sensor here displays comparable

or higher detection limit (Table 3.5) [68,69,72,74,77,78]. However, the sensitivity is far more

remarkable when compared to other cobalt related structures reported (Table 3.5).
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Figure 3.17: (A) Amperometric j-¢ curve of CNFs/Co(OH), modified Au/Ti/glass electrode
polarized at +0.55 V vs. Ag/AgCl upon successive additions of glucose (10 uM or 20 uM) in

0.1 M NaOH, and (B) the corresponding calibration curve.

Table 3.5: Comparison of analytical performance of other non-enzymatic glucose sensors
based on cobalt nanostructures.

Material LOD Sensitivity Linear range Ref.
(uM) | (mAmM" cm?) | (mM)

CoOOH nanosheet 1.37 0.527 0.003-1.109 [68]

CoP nanorods 9 0.117 up to 5.5 [69]

Co-Ni nanostructures/rGO | 3.79 1.774 0.01-2.65 [72]

Graphene -Co304 10 - 0.05-0.3 [74]

CNTs/CoO/Co(OH), 2 0.162 up to 4.5 [77]

rGO-chitosan-Cu/Co 10 1.92 0.015-6.95 [78]
CNFs/Co(OH), 5 68 0.01-0.12 | This work

The selectivity of CNFs/Co(OH), nanocomposite electrode was comparable to that of

rGO/Cu NPs (Figure 3.18) with no obvious current response observed upon addition of
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interfering species, thus allowing an accurate and selective non-enzymatic detection of
glucose. The same is performed for the reproducibility of CNFs/Co(OH), modified
Au/Ti/glass electrode for non-enzymatic glucose sensing. A relative standard deviation of 5.3 %
of the amperometric response was observed. The long-term stability of the sensor to glucose
was in addition evaluated showing a loss of 1.5 % amperometric steady-state current response
when testing a 0.1 mM glucose concentration after the electrode has been stored at ambient

temperature for a month.
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Figure 3.18: Amperometric response of CNFs/Co(OH), modified Au/Ti/glass electrode
polarized at +0.55 V vs. Ag/AgCl to glucose (50 uM), dopamine (DA, 5 uM), ascorbic acid
(AA, 5 uM), uric acid (UA, 5 uM), fructose (5 uM), lactose (5 uM), and galactose (5 uM);

electrolyte: 0.1 M NaOH.

The CNFs/Co(OH), electrode allowed sensing the glucose level in serum samples
(Figure 3.19). The concentration of glucose in the human serum was determined to be 4.8
mM by using the calibration curve in Figure 3.17B. The glucose concentration is comparable
to the concentration of 4.5 mM determined using the well-established phenol-sulphuric acid
colorimetric method described above. Furthermore, the addition of ascorbic acid, dopamine as
well as fructose caused insignificant current increase, suggesting that these species do not

interfere with glucose detection in real samples.
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Figure 3.19: Amperometric response of the CNFs/Co(OH), modified Au/Ti/glass electrode
upon successive additions of different analytes: glucose (0.1 mM), plasma sample (diluted 50
times), ascorbic acid (AA, 0.1 mM), dopamine (DA, 0.1 mM). Electrolyte: 0.1 M NaOH,
potential: +0.55 V.

The performances of the developed non-enzymatic glucose sensor constructed by EPD
technique are compared in Table 3.6. Both electrodes exhibit comparable limit of detection,
while CNFs/Co(OH), modified Au/Ti/glass interface shows a much higher sensitivity than the

electrode modified with rGO/Cu NPs, accompanied with more reliable performance in long

term stability. However, the linear range of CNFs/Co(OH), based sensor is narrower.

Table 3.6: Performance of rGO/Cu NPs and CNFs/Co(OH), modified Au/Ti/glass interface
towards non-enzymatic glucose detection.

Electrode rGO/Cu NPs modified CNFs/Co(OH), modified
Au/Ti/glass interface Au/Ti/glass interface
Applied potential (V) +0.55 +0.55
Response time <15s <10s
LOD (uM) 3.4 5
Sensitivity 447.65 pAmM™ cm™ 68 mA mM' cm”
Linear range (mM) 0.01-1.2 0.01-0.12
Reproducibility (RSD, %) 6.67 5.3
Stability (current loss, %) 10.4 1.5
Glucose analysis in human 47 43
serum sample (mM) ' '

3.4 Conclusion

To summarize, the easy application of electrophoretic technique for deposition of
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rGO/Cu NPs and CNFs/Co(OH), nanocomposites from the corresponding carbon structures
and metal salts in ethanolic solution was demonstrated. The morphology, chemical
composition, structure or thickness of the resulting composites could be adjusted by varying
the deposition time and ratio of the initial components. For sensing application, both rGO/Cu
NPs and CNFs/Co(OH), modified Au/Ti/glass electrodes were evaluated for their catalytic
activity towards non-enzymatic glucose oxidation under alkaline conditions. The
electrochemical results showed that the sensors have high sensibility and comparable
detection limit with reported literature. Moreover, the rGO/Cu NPs and CNFs/Co(OH),
nanocomposites modified Au/Ti/glass electrodes exhibited excellent selectivity towards
various interfering species, good repeatability and long term stability as non-enzymatic
glucose sensors. The sensors were successfully applied for the determination of glucose
concentration in human blood serum, with comparable results as those obtained using the
well-established phenol-sulfuric acid colorimetric method. Finally, the good -catalytic
properties of Cu NPs or Co(OH); nanostructures combined with the outstanding synergistic
properties of carbon structures may find potential applications in various chemical and
medical related fields, in the mean time making EPD technique of high interest for

prospective development in nanocomposites synthesis.
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CHAPTER 4

ONE-STEP SYNTHESIS OF Au NANOPARTICLES-REDUCED
GRAPHENE OXIDE COMPOSITE USING TYROSINE FOR

NON-ENZYMATIC H,0, SENSING

4.1 Introduction

Gold nanoparticle (Au NPs) modified graphene sheets are probably the most widely used
sensing matrices, due to the unique electronic and optical properties, stability, low
cytotoxicity and ease of synthesis of Au NPs with a size ranging between 3 and 200 nm [1],
compared to graphene composites loaded with other noble metal nanoparticles. It has been
argued that Au NPs/graphene composites could be used in fact in almost any domain related
to sensing, ranging from electrochemical [2] to optical [3], and fluorescence [4] approaches.
Table 4.1 lists some of the developed Au NPs/graphene electrodes proposed together with the
analytes detected. From this table, it becomes clear that Au NPs/graphene electrodes are
capable of detecting molecules such as dopamine, glucose as well as DNA and proteins with

low detection limits and wide linear ranges.

Table 4.1: Au NPs/graphene nanocomposites in electrochemical sensing

Material Analyte LOD Linear range Ref.
Au NPs/NG dopamine 0.01 uM 0.03-48 uM [5]
Au NPs/rGO dopamine 0.02 uM 1-60uM [6]
dopamine 0.15 uM 0.5-150 uM
Au NPs—B3-CD-GR ascorbic acid 10 uM 30-2000 uM [7]
uric acid 0.21 uM 0.5-60uM
rGO-PMS@Au NPs glucose 2.5 uM 0.01-8 mM [8]
Au NPs/PPy/rGO glucose - 0.2-1.2 mM [9]
Au NPs/GO nanoribbon glucose 5uM 0.005-10 mM | [10]
PDDA-rGO/ Au NPs-aptamer ractopamine 0.5 M 1 fM-10 uM [11]
graphene nanofibers/ Au NPs bisphenol A 35nM 80 nM-0.25 mM | [12]
rGO/Au NPs-enzyme cholesterol 0.05 uM 0.05-0.35mM | [13]
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PDDA-rGO/Au NPs-enzyme paraoxon 0.1 pM 0.1 pM-5nM [14]
rGO/AuNPs-antibody 17-B-estradiol 0.1 tM 1 fM-1 mM [15]
Graphene/Au NPs diethylstilboestrol 9.8 nM 12 nM-12 uM | [16]
carbon ionic liquid-rGO/Au NPs folic acid 2.7 nM 01-50 uM [17]
rGO/Au NPs toxicant Sudan I 1 nM 0.01-70 uM [18]

Au NPs—GO-PAH NADH 3.5 uM 0.01-5 mM [19]
rGO/Au NPs NADH 1.13 nM 50 nM-500 uM | [20]

Au NPs/ERGO nitric oxide 0.133 uM up to 3.38 uM | [21]
rGO/Au NPs-aptamer TNT 3.6pgmL" | 0.01-100 ng mL™" | [22]
ionic liquid-rGO/Au NPs Hg™ 0.03nM | LR:0.1-100 nM | [23]
Au NPs/GR Cu™" 0.028 nM 5-100 nM [24]

Orange 1I-rGO/Au NPs insulin 6.0 aM 10 aM-50 nM [25]
GO/Au NPs P53 protein 0.03 pM 0.2-200 pM [26]

NG/Au NPs DNA 3.12 M 10 fM-100 nM | [27]
toluidine blue-rGO/Au NPs DNA 2.95 pM 0.1 pM-1 nM | [28]
SH-B-CD-Gr/Au NPs thrombin 5.2 aM 0.016-8 M [29]

© 2016 Tous droits réservés.

Abbreviations- p-CD: B-cyclodextrin; CS: chitosan; ERGO: electrochemically reduced graphene oxide;
GR: graphene; GS: graphene sheet; NG: nitrogen-doped graphene; PAH: poly(allyamine hydrochloride);
PDDA: poly(diallyldimethyl ammonium chloride); PMS: periodic mesoporous silica; PPy: polypyrrole;
PTBO: poly(toluidine blue O); SH: thiol; TNT: 2, 4, 6-trinitrotoluene.

To date, a great amount of electrochemical biosensors to detect H,O, have been
developed. These sensors rely mostly on enzymes (catalase) immobilized on the electrode
surface. Due to the limitations of enzymatic sensors discussed in Chapter 3, the development
of enzyme-free strategy for H>O, sensing with high sensitivity and selectivity is thus of great
importance. Table 4.2 summarizes some of the work undertaken so far. Fang et al. used
cationic poly(diallyldimethyl ammonium chloride) (PDDA) functionalized graphene
nanosheets (GNs) for the preparation of GNs/Au NPs heterostructures with enhanced
electrochemical catalytic ability [32]. Indeed, the sensor exhibited a detection limit of 0.44
uM over a linear range from 0.5 uM to 0.5 mM for H,O, detection. The good performance of
the sensor was ascribed to the high loading and uniform dispersion of the Au NPs on the
graphene nanosheets. A similar approach has been adopted for electrostatic assembly of
anionic sulfonated graphene sheets (SGS) and positively charged Au NPs to synthesize a 2D
hybrid heterostructure SGS/Au NPs [33]. The performance of the SGS/Au NPs material,
deposited on GC electrode, for the detection of H,O, was evaluated in PBS at -0.2 V. A good
detection limit of 0.25 pM and a linear range from 20 pM to 1.3 mM have been achieved
using this material. The layer-by-layer technique was investigated for the fabrication of a 3D
Au NPs-embedded porous graphene (AuEPQG) thin film [34]. In this approach, the electrode
material has been fabricated by electrostatic layer-by-layer assembly of Au NPs and graphene

nanosheets functionalized with bovine serum albumin and subsequent thermal annealing in air
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at 340°C for 2 h. The sensitivity of the sensor is significantly improved (7 times larger) upon
annealing as compared to the non-annealed assembled film-modified electrode. The detection
limit of the AuEPG film-modified electrode was estimated to be 0.1 uM with a linear range
from 0.5 uM to 4.9 mM. Hu et al. used hexamethylenetetramine (HMTA) as a reductant for
the in situ synthesis of rGO/Au NPs from GO and Au precursor [35]. The rGO/Au NPs
showed good electrocatalytic activity for H,O, reduction in PBS solution with a detection
limit of 6 uM. A one-pot green synthetic method has been described for the synthesis of
rGO/Au NPs membrane at a liquid-air interface through the simultaneous reduction of GO
and HAuCl, with glucose at 95°C. The membrane was successfully applied for H,O, sensing
with a detection limit of 6.2 uM [36].

Table 4.2: Au NPs/graphene nanocomposites proposed for non-enzymatic electrochemical
H,0, sensing.

. LOD Sensitivity Linear range
Material M) | (LA mM™ em?) (mM) Ref.
Au NPs/PDDA/rGO 0.44 - 0.0005-0.5 [32]
Au NPs/SGS 0.25 3.21 2.3-16 [33]
Au NPs/rGO paper 2 236.8 0.005-8.6 [37]
Au NPs/rGO 6 3 0.020-0.280 | [35]
Au NPs/POM/rGO 1.54 58.87 0.005-18 [38]
Au NPs/EPG 0.1 75.9 0.0005-4.9 [34]
rGO/Nafion/AzI/Au NPs 10 - 0.03-5 [39]
Au NPs/MnO,/rGO 0.05 980 0.022-12.6 [40]
PtAu NPs/rGO/CNTs 0.6 313.4 0.002-8.561 | [41]
Au NPs/rGO/GC membrane | 6.2 5.3 0.25-22.5 [36]
Ag-Au-rGO 1 - 0.1-5 [42]
Au-MWCNTs-sG@GCE 13 - 1-62 [43]
Au NPs/rGO 1.5 - 0.1-9 [44]
Au NPs-Gr 0.03 - 0.0001-0.07 | [45]
Au NPs-N-GQDs 0.12 186.22 0.00025-13.327 | [46]
AuNPs/rGO 0.1 1238 0.02-10 [47]
H-GNs/AuNPs 0.11 2774.8 0.0003-1.8 [48]
AuNPS/Gr-CS 1.6 - 0.005-35 [49]
Hb/AuNPs/ZnO/Gr 0.8 - 0.006-1.13 [50]
rGO-Hemin-AuNPs 0.03 - 0.0001-0.04 | [51]
Pt-Au NPs/rGO 0.31 - 0.001-16.8 [52]
63.39£1.56 0.005-1.077
rGOAUNPSPTBO | 02 1 4504030 | 1474525362 | 123
GS@CeO,/AuNPs 0.26 - 0.001-10 [54]

Abbreviations-Au-MWCNTs-sG: Au nanoparticles-decorated multiwalled carbon nanotube-solar
exfoliated graphene; Azl: Azur I; CNTs: carbon nanotubes; CS: chitosan; EPG: embedded porous
graphene; GCE: glassy carbon electrode; Gr: graphene; GS: graphene sheet; Hb : hemoglobin; H-GNs:
Hemin-graphene nanosheets; LOD: limit of detection; N-GQDs: nitrogen-doped graphene quantum dots;
POM: polyoxometalate; PTBO: poly(toluidine blue O); SGS: sulfonated graphene sheets.
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Recently, our group has developed an easy and environmentally friendly chemical
method for the simultaneous reduction and non-covalent functionalization of GO using
tyrosine [55]. In this chapter, we take advantage of the reducing properties of tyrosine for the
in situ synthesis of aqueous stable rGO/Au NPs hybrids from GO and Au ions (Figure 4.1).
After reduction from GO to rGO by using tyrosine, HAuCl; was added to the rGO/Tyr
suspension and stirred for additional time. The resulting rGO/Au NPs/Tyr nanocomposite was

applied for non-enzymatic detection of H,O».

Tyrosine
(Tyr)
100 °C, 24h
rGO/Tyr
Tyrosine /@Y&OH 100 °C HAuCl,
(Tyr) o NH,
Oxidized form of z H
Tyrosine (Tyr) NH,
(0]
Au NPs Q

rGO/Au NPs/Tyr

Figure 4.1: Schematic illustration of the formation of rGO/Au NPs/Tyr composite films used
for H,O; detection

4.2 In situ formation of rGO/Au NPs using tyrosine as reducing agent

There are currently various synthetic routes for the preparation of Au NPs decorated
graphene nanocomposites [56,57]. Based upon the structural morphology of the final hybrid,
these synthetic methods can be divided into two classes: Au NPs dispersed on graphene sheets
and Au NPs wrapped by graphene and its derivatives (Figure 4.2). The main difference is the
relative surface ratio between the Au NPs and the lateral dimensions of graphene. When the

size of the Au NPs is in range of a few nanometers, the particles are small and can be easily
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deposited onto the graphene nanosheets. When the Au NPs size becomes comparable with

that of the 2D graphene sheets, wrapping around the particles occurs preferentially.

COOH (‘OOH\ /— \

= L2168

‘I nm

COOH
w NPs decorated graphene/ Qraphene wrapped Au NPs/

Figure 4.2: Two approaches for the integration of Au NPs with graphene: Au NPs formed in
situ or ex situ on graphene nanosheets and graphene wrapped gold nanostructures (TEM
image of a gold nanorod coated with some layers of rGO) [58].

While the ex-situ approach is well adapted to form controlled Au NPs loaded GO and
rGO, most work focused on in situ approaches. In general, a GO suspension is mixed with
HAuCly and the mixture is treated with a reducing agent resulting in the simultaneous

reduction of Au’* solution to Au’ and GO to rGO (Figure 4.3).

GO Electrostaticinteraction rGO/Au NPs
GO/Au3*

Figure 4.3: In situ strategy for the formation of Au NPs loaded rGO matrices through
electrostatic integration and reduction of GO/Au’" mixtures.

Although the mechanism of reduction is not clearly understood, involvement of three
steps is hypothesized: the oxygen functionalities of GO provide the reactive nucleation sites.
After reduction of Au’" cations by the reducing agent such as sodium citrate [59-61], sodium
borohydride [62-64], ascorbic acid [65-67], tyrosine [68], poly(diallyldimethylammonium
chloride) (PDDA) [69], sodium dodecyl sulfate (SDS) [70], ionic liquid [71] as well as
sonolysis [72,73], the growth of Au particles is initiated with the nanoparticles remaining
attached to the GO sheet. The reducing agents simultaneously reduce GO to rGO, resulting in
the formation of rGO/Au NPs nanocomposites.

We propose here the use of tyrosine for the simultaneous reduction of GO to rGO and the
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formation of Au NPs on the matrix. The interaction between tyrosine and rGO is most likely
dominated by m-stacking between the hexagonal cells of graphene and the aromatic ring
structure of tyrosine. The mechanism for the reduction of GO to rGO by tyrosine is believed
to be analogous to that reported for dopamine and its derivatives [74,75]. GO oxidizes the
phenol structure of tyrosine to radical or quinone intermediates, while being reduced to rGO
[76]. The tyrosine quinone intermediates most likely react with each other to form dityrosine
or partially integrate with the rGO matrix. Tyrosine is also responsible for the reduction of
Au(III) ions into metallic Au and formation of Au NPs, as demonstrated previously [76,77].

The synthesized rGO/Au NPs/Tyr composites were characterized by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), energy dispersive X-ray
spectroscopy (EDX), X-ray diffraction (XRD), ultraviolet-visible spectroscopy (UV-Vis),
Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy, X-ray photoelectron
spectrometry (XPS) prior to the application for non-enzymatic H,O, detection.

Figure 4.4 depicts the SEM images of the as-prepared rGO/Au NPs/Tyr nanohybrids
under different synthesis conditions. All images display similar characteristics with uniformly
distributed Au NPs decorated on graphene sheets. However, the size of Au NPs varies with
different HAuCl, concentration and stirring time. Table 4.3 summarizes the size of Au NPs
determined from a statistical study of 40 nanoparticles. It can be seen that rGO/Au NPs/Tyr
composite prepared by mixing rGO/Tyr with 2 mM HAuCl, and stirring for 3 h exhibits the
smallest particle size with an average diameter of 28+4 nm (Figure 4.4B), while longer
reaction time (6 h) results in a large increase of particle size up to 69+5 nm (Figure 4.4C).
Increasing the concentration of HAuCly to 4 mM also causes a slight increase of average
diameter of Au NPs (Figure 4.4D). EDX analysis performed on rGO/AuNPs/Tyr composites
shows signals of C, O and Au (Table 4.4). The results indicate 3.44 to 5.48 at. % of Au after
addition of HAuCly, where the highest 5.48 at. % resulted from rGO/Tyr mixed with 2 mM
HAuCl, with stirring time of 3 h.
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Figure 4.4: SEM images of rGO/Au NPs/Tyr composites prepared by mixing rGO/Tyr with
(A) 2 mM HAuCl, for 1 h, (B) 2 mM HAuCl, for 3 h, (C) 2 mM HAuCly for 6 h and (D) 4
mM HAuCly for 3 h, respectively under stirring at 100°C.

Table 4.3: Size of Au NPs of different rGO/Au NPs/Tyr composites.

Samples | HAuCL (mM) | Reaction time (h) | Average diameter of Au NPs (nm)
a 2 1 57+6
b 2 3 28+4
C 2 6 69+5
d 4 3 42+5

Table 4.4: EDX results of rGO/Au NPs/Tyr composites prepared by mixing rGO/Tyr with 2
mM HAuCly for 1 h, 2 mM HAuCl, for 3 h, 2 mM HAuCly for 6 h and 4 mM HAuCly for 3 h,
respectively under stirring at 100°C.

Samples H(ﬁllli%h iﬁgt(lﬁil C (at. %) | O (at. %) | N (at. %) | Au (at. %)
a 2 1 75.43 17.51 3.62 3.44
b 2 3 73.56 17.43 3.53 5.48
c 2 6 75.68 17.21 3.25 3.86
d 4 3 74.76 17.97 2.94 4.33
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The structure and substructure details of the rGO/Au NPs/Tyr nanocomposite were
further characterized by TEM and high-resolution TEM. Figure 4.5A displays TEM image of
the rGO/Au NPs/Tyr nanohybrid with wrinkled and flake-like shape structure of graphene and
preferentially dispersed Au NPs on crumpled graphene nanosheets. There are also relatively
large Au particles with obvious aggregation on rGO surface. The high resolution TEM image
reveals lattice fringes of the nanoparticles with 0.23 nm spacing, corresponding to the (111)
crystal plane of cubic Au (Figure 4.5B) [78]. Selected-area electron diffraction (SAED)
exhibits a mixed diffraction pattern, including (111), (200), (220) and (311) faces (Figure
4.5C), suggesting the presence of defects and multiple crystal domains in the Au nanocrystals

[79,80].

10 1/nm

Brnbal T e i L T T

Figure 4.5: (A) TEM image of rGO/Au NPs/Tyr nanohybrids prepared by mixing rGO/Tyr
with 2 mM HAuCl, for 3 h; (B) high resolution TEM of a single Au nanoparticle and (C)
selected-area electron diffraction (SAED) of Au NPs.
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Figure 4.6 displays the XRD patterns of the rGO/AuNPs/Tyr nanocomposites under
different synthesis conditions. It can be seen that peaks at 26 values of ~ 38.0°, 44.2°, 64.6°,
77.6°, and 81.8° assigned to the (111), (200), (220), (311) and (222) crystallographic planes of
cubic Au NPs, respectively (JCPDS card N° 004-0784) exist in all the XRD patterns. The
diffractogram also indicates the presence of a broad peak at a 26 value of ~ 22.9° due to (002)
plane of rGO. The results confirm Au NPs formation and GO reduction to rGO [81].

Au Au Au Au Au
rGo (111)(200) (220) (311)(222)

I A W
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Figure 4.6: XRD patterns of rGO/Au NPs/Tyr composites prepared by mixing rGO/Tyr with
(a) 2 mM HAuCl, for 1 h, (b) 2 mM HAuCly for 3 h, (¢) 2 mM HAuCl, for 6 h and (d) 4 mM
HAuCl, for 3 h, respectively under stirring at 100°C.

The optical properties and chemical composition of the as-prepared hybrid nanomaterial
were further characterized using UV-vis, FTIR, Raman and XPS spectroscopies. Figure
4.7A(a) displays the UV-vis spectrum of the starting GO. It clearly shows two absorption
bands at 228 nm and ~300 nm attributed to n-m* transitions of aromatic C=C bond and n-m*
transitions of C=0 bonds, respectively. Reduction of GO with tyrosine, in absence of Au ions,
at 100 °C for 24 h induced a red-shift of the n-n* transition band from 228 to 270 nm,
together with the disappearance of the n-n* transition band at ~300 nm (Figure 4.7A(b)). The
presence of a small shoulder in the absorption spectrum at ~220 nm is most likely due to the
incorporation of the tyrosine moieties in the reduced GO (Figure 4.7B) [55]. Furthermore, the
intensity of the absorption tail in the region (>400 nm) has significantly increased, as

compared to that of GO. The results suggest the restoration of the electronic conjugation in
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the rGO skeleton upon reaction of GO with tyrosine at 100 °C for 24 h.

The first evidence of Au NPs formation was provided by the evident color change of the
solution from black to black purple. The successful loading of Au NPs on the rGO surface
was confirmed by the peak at around 563 nm, attributed to the localized surface plasmon

resonance (LSPR) band of Au nanostructures of 30-70 nm in size (Figure 4.7A(c)) [82,83].
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Figure 4.7: UV-Vis absorption spectra of (A) GO (a), rGO/Tyr (b), rGO/Au NPs/Tyr (¢) and
(B) tyrosine.

FTIR spectroscopy was further employed to evidence the GO reduction in rGO/Au
NPs/Tyr hybrid sample. Figure 4.8a corresponds to the transmission FTIR spectrum of GO. It
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comprises a broad and strong band at ~3400 cm™ assigned to the vibration of hydroxyl groups
and/or adsorbed water molecules and features due to C=0O (-COOH) vibration, OH
deformation, and C-O (alkoxy) and C-O (epoxy) stretching modes at 1735, 1420, 1223 and
1081 cm™, respectively. A band at ~1625 cm™ assigned to C=C stretching modes is also

present in the FTIR spectrum of the initial GO. After chemical reduction of GO with tyrosine

in absence of Au ions, the intensity of the bands associated with oxygen functionalities

decreased significantly. The FTIR spectrum is dominated by a band at ~1570 cm™ due to C=C

stretching modes, suggesting that the aromatic network has been restored upon reaction with

tyrosine (Figure 4.8b). However, the persistence of OH stretching vibration band (~3430 cm™)
as well as other oxygen characteristic groups implies the incomplete removal of oxygen

groups after GO reduction. The FTIR spectrum of rGO/Au NPs/Tyr displays similar features

as rGO/Tyr, indicating the Au NPs deposition does not induce additional changes to the rGO

network (Figure 4.8c).

Transmission (a.u.)

| | | | | | |
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Figure 4.8: Transmission FTIR spectra of (a) GO, (b) rGO/Tyr and (¢) rGO/Au NPs/Tyr.

The Raman spectra of GO and rGO/Au NPs/Tyr composites are displayed in Figure 4.9.
The Raman spectrum recorded on GO displays main features of D band at ~1360 cm™, G
band at ~1592 cm™ and 2D band centered at ~2700 cm'l, with a D/G band intensity of Ip/Ig=
0.71. After reaction with tyrosine and HAuCl,, the Raman spectra show typical D, G, 2D
bands at ~1331, 1594 and 2645 cm™, respectively. The D band originates from disorder such
as wrinkles, edges, and defects in the graphitic material [84], while the G band is associated
with the first-order scattering of E,, phonon mode of the aromatic carbon rings [81,85]. The

Ip/Igratio exhibited an increase compared to GO (Table 4.5), suggesting the partial reduction
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of GO to rGO during the chemical process [86]. Table 4.5 compares the Ip/Igratio of GO and

rGO/Au NPs/Tyr composites under different reaction conditions.
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Figure 4.9: Raman spectra of (a) GO and rGO/Au NPs/Tyr composites prepared by mixing
rGO/Tyr with (b) 2 mM HAuCl, for 1 h, (¢) 2 mM HAuCly for 3 h, (d) 2 mM HAuCl, for 6 h
and (e) 4 mM HAuCl, for 3 h, respectively under stirring at 100°C.

Table 4.5: Ip/Ig ratio of GO, rGO/Au NPs/Tyr composites prepared by mixing rGO/Tyr with
2 mM HAuCl, for 1 h, 2 mM HAuCl, for 3 h, 2 mM HAuCl, for 6 h and 4 mM HAuCl, for 3
h, respectively under stirring at 100°C.

Samples HAuCly (mM) | Reaction time (h) | Ip/I ratio
GO - - 0.71
rGO/Au NPs/Tyr 2 1 1.17
rGO/Au NPs/Tyr 2 3 1.03
rGO/Au NPs/Tyr 2 6 1.15
rGO/Au NPs/Tyr 4 3 1.12

X-ray photoelectron spectroscopy (XPS) analysis results also confirmed the formation of
rGO/Au NPs/Tyr nanocomposite. Figure 4.10A(a) depicts the high resolution C;s of the
starting GO. It can be deconvoluted into four components with binding energies at about
283.8, 284.7, 286.7 and 287.9 eV assigned to C=C, C-H/C-C, C-O and C=0O species,
respectively, with a C/O ratio of 2.03. After reaction of GO with tyrosine at 100 °C for 24 h in
absence of HAuCly, there is a significant increase of the intensity of the band at 283.8 eV
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compared to that of the initial GO (Figure 4.10A(b)), suggesting that the sp® network has
been restored during the reduction process with tyrosine. The C; core level XPS spectrum of
rGO/Tyr can be deconvoluted into four components with binding energies at about 283.9 eV
(sp>-hybridized carbon), 285.2 eV (C-H/C-C), 287.5 eV (C-O/C-N) and 290.2 eV (COOH).
The ratio of C/O was 6.07 (Figure 4.10A(b)). The C;s core level spectrum of rGO/Au
NPs/Tyr nanohybrid presents similar features as rGO/Tyr with a C/O ratio of 4.56 (Figure
4.10A(c)). Incorporation of tyrosine or its derivatives onto the rGO matrix was further
confirmed by the presence of nitrogen in the XPS spectrum at ~400 eV (Figure 4.10B) with a
content of 2.04 at. %. Au NPs formation is evidenced by the presence of the Ausr doublet. The
binding energies of Auss» and Auggs, electrons are at 81.9 and 85.6 eV, respectively (Figure
4.10B). This is consistent with the reports on gold metal, suggesting that Au NPs deposited on
the rGO nanosheets exist in the metallic state [87-89]. The overall Au content was 8.17 at. %,
which is higher than the result determined from EDX, indicating an important loading of Au
NPs onto the rGO/Tyr structures.
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Figure 4.10: High resolution XPS spectra: (A) Ci; core level spectra of (a) GO, (b) rGO/Tyr
and (c) rGO/Au NPs/Tyr; (B) N5 and Auyt core level spectra of rGO/Au NPs/Tyr composites.

The electrochemical properties of the rGO/Au NPs/Tyr composites were evaluated by
cyclic voltammetry using Fe(CN)g ™ (Figure 4.11A) and Ru(NHs)¢"" (Figure 4.11B) as
redox couples. Figure 4.11A displays the CVs of glassy carbon (GC) electrode before and
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after drop casting a film of rGO/Au NPs/Tyr using Fe(CN)s"™*" as redox couple. The GC

electrode shows a peak separation (AE) of 121 mV, which increased upon coating with
rGO/Au NPs/Tyr to 226 mV. Similarly, rGO/Au NPs/Tyr displayed a comparable
electrochemical behavior using Ru(NH;)s’" as redox couple with a AE of 95 mV for bare
GCE and 160 mV after coating GCE with rGO/Au NPs/Tyr (Figure 4.11B). For both redox
couples, the detected currents on rGO/Tyr/Au NPs exceeded that of a bare GCE with a

relatively strong capacitive component.

(A) (B)
210 F \ I - 100 ‘
b
50 | b ]
105 |- |
a < a
< Z 3 0+ _
3 0 ~
~ - 0 z
50 - _
-105 |- |
-100 - |
\ \ \ \ \ \ \ ‘ ‘ \ \ |
04 -02 0 02 04 06 08 -0.6 -0.4 -0.2 0 0.2
E/Vvs. Ag/AgCl E/Vvs. Ag/AgCl

Figure 4.11: Cyclic voltammograms of (A) GC (a) and rGO/Au NPs/Tyr/GC (b) electrodes in
5 mM Fe(CN)¢>"*/0.1 M KCl, scan rate: 50 mV s™'; (B) GC (a) and rGO/Au NPs/Tyr/GC (b)
electrodes in 5 mM Ru(NH3)s* /0.1 M KC], scan rate: 50 mV s™.

4.3 Amperometric H,O, sensing

The electrocatalytic activity of the rGO/Au NPs/Tyr nanocomposite modified GC
electrode towards H,O, reduction was investigated by cyclic voltammetry (CV). Figure
4.12A(a) shows a typical CV of the rGO/Au NPs/Tyr electrode in 0.1 M PBS in the absence
of H,O, at a scan rate of 50 mV s”. The modified electrode exhibited no obvious
electrochemical response. Upon addition of 10 mM H,0O,, all the GC electrodes modified with
rGO/Au NPs/Tyr nanocomposites under different synthesis conditions showed remarkable
increase of the current at around -0.6 V, indicating the good electrocatalytic activity of
rGO/Au NPs/Tyr nanocomposites toward H,O, reduction (Figure 4.12A(b), (¢), (d), (e)).
Amongst, the electrode modified with rGO/Au NPs/Tyr composite prepared by mixing
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rGO/Tyr with 2 mM HAuCl, stirred for 3 h exhibited the highest change in current, reflecting
the best electrocatalytic ability towards H,O, reduction under the same conditions. In a
control experiment, the electrocatalytic activity of the GC electrode without modification
towards H>O, reduction was performed. In Figure 4.12B, it can be seen that naked GC

electrode does not show any obvious response to H,O».
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Figure 4.12: (A) Cyclic voltammograms of (a) rGO/Au NPs/Tyr/GC in the absence of H,0O,
and electrodes modified with rGO/Au NPs/Tyr composites prepared by mixing rGO/Tyr with
(b) 2 mM HAuCl, for 1 h, (¢) 2 mM HAuCly for 3 h, (d) 2 mM HAuCl, for 6 h, (¢) 4 mM
HAuCl, for 3 h in the presence of 10 mM H,O; in Nj-saturated 0.1 M PBS solution (pH 7.4),
scan rate: 50 mV s™'; (B) Cyclic voltammograms of GC electrode in the absence (a) and
presence (b) of 10 mM H,O; in Nj-saturated 01.1 M PBS solution (pH 7.4), scan rate: 50 mV
s,

-250 -250 - B

The electrocatalytic response of rGO/Au NPs/Tyr/GC electrode to H,O, was further
investigated by amperometric current-time response upon successive additions of different
concentrations of H,O,. rGO/Au NPs/Tyr composites prepared by mixing rGO/Tyr with 2
mM HAuCly and stirred for 3 h were chosen for the amperometric curve measurement by
chronometry. Figure 4.13A displays the amperometric response of the modified electrode at
an applied potential of -0.6 V vs. Ag/AgCl. The reduction current increased gradually upon
injection of increasing concentrations of H,O, into the PBS solution and reached the
maximum steady state current within 15 s. Figure 4.13B shows the corresponding calibration
curve of the current response versus H,O, concentration. A linear current-response
relationship was identified as a function of H,O, from 0.02 to 25 mM with 7 (nA) =
-2.24-13.01x[H,0,] (R=0.988) with an estimated sensitivity of 46.46 uM mM™ cm™. A

96

© 2016 Tous droits réservés. lilliad.univ-lille.fr



Thése de Qian Wang, Lille 1, 2016

CHAPTER 4 One-step Synthesis of Au Nanoparticles-Reduced Graphene Oxide Composite
Using Tyrosine for Non-enzymatic H,O, Sensing

detection limit of =20 pM at a signal-to-noise ratio of 3 was achieved using rGO/Au
NPs/Tyr/GC sensor. The detection limit determined for the sensor is in the same order or
slightly higher than 0.03 to 13 uM reported in the literature for Au NPs/rGO electrodes
prepared using various approaches (Table 4.2) [35,37,39,43-45,49]. However, the proposed
strategy for the preparation of metal nanoparticles/rGO is a one-pot, straightforward, and
environmentally friendly approach that can be easily used for the integration of other
nanoparticles on the same matrix and thus opens up new routes in the design of more sensitive

SENSOrs.
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Figure 4.13: (A) Amperometric response curve of rGO/Au NPs/Tyr/GC polarized at -0.6 V vs.

Ag/AgCl with subsequent addition of H,O,; (B) the corresponding calibration curve,
supporting electrolyte: N,-saturated 0.1 M PBS solution (pH 7.4).

Table 4.6: Comparison of analytical performance of other rGO/Au NPs-based non-enzymatic
sensors for H,O, detection.

. LOD | Linear range

Material (M) (mM) Ref.

Au NPs/rGO paper 2 0.005-8.6 [37]

Au NPs/rGO 6 0.020-0.280 [35]

rGO/Nafion/AzlI/Au NPs | 10 0.03-5 [39]

Au-MWCNTs-sG@GCE | 13 1-62 [43]

Au NPs/rGO 1.5 0.1-9 [44]

Au NPs-Gr 0.03 | 0.0001-0.07 [45]

AuNPS/Gr-CS 1.6 0.005-35 [49]
AuNPs/rGO 20 0.2-25 Our work
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To assess the selectivity of the GC electrode modified with rGO/Au NPs/Tyr
nanocomposite, we have investigated its amperometric response in the presence of some
possible interferents. Figure 4.14 compares the amperometric response of the rGO/Au
NPs/Tyr/GC electrode upon successive additions of H,O, (2 mM), uric acid (UA, 0.1 mM),
ascorbic acid (AA, 0.1 mM), dopamine (DA, 0.1 mM), glucose (5 mM), and H,0O, (2 mM) in
Ny-saturated PBS at an applied potential of -0.6 V. No obvious current increase was detected
upon addition of UA, AA, DA and glucose, while a significant increase of the current was
observed for H,O,, suggesting that these species do not cause any interference for the
detection of H,O, under our experimental conditions. The results indicate the rGO/Au

NPs/Tyr modified GC electrode has a good selectivity toward H,O, detection.
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Figure 4.14: The amperometric response of the rGO/Au NPs/Tyr/GC electrode exposed to
H,0, (2 mM), ascorbic acid (AA), dopamine (DA), uric acid (UA) (0.1 mM), glucose (5 mM),
and H,0O, (2 mM), supporting electrolyte: N»-saturated 0.1 M PBS solution (pH 7.4), potential:

-0.6V.
The reproducibility of the rGO/Au NPs/Tyr modified GC electrode was investigated by
measuring the current signal for 2 mM H,O; in PBS at 4 modified electrodes prepared under
the same experimental conditions. A relative standard deviation (RSD) of 4.46% was

determined, indicating a good reproducibility of the fabrication method. The long-term

stability of the electrode was examined after storage in a refrigerator at 4°C for 1 week. The
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sensor retained about 95.6% of its initial current response to 2 mM H,0, in PBS at -0.6 V.

The results demonstrate that the sensor exhibits a good stability.

4.4 Conclusion

In conclusion, a green method for the synthesis of rGO/Au NPs/Tyr hybrids in aqueous
solution that exploits the ability of tyrosine to operate as an effective dual reducing agent for
both GO and gold salts is reported. The morphological and structural characterization of the
prepared nanocomposite revealed the formation of Au NPs uniformly distributed on the rGO
sheets. Electrochemical measurements showed that rGO/Au NPs/Tyr modified GC electrode
shows enhanced current with increased capacitive component. The electrocatalytic activity of
the sensor was investigated for non-enzymatic H,O, reduction in PBS (pH 7.4). The
electrochemical results showed that the sensor had a good sensitivity of 46.46 pA mM™ cm™
with a detection limit of =20 uM over a wide linear range. The sensor exhibited good
selectivity for H,O, detection in the presence of potential interfering species such as uric acid,
ascorbic acid, dopamine and glucose. In addition, the good stability and reproducibility of the
rGO/Au NPs/Tyr modified GC electrode together with the ease of its fabrication make this
technique very attractive for the preparation of a sensing platform of different electrochemical

species.
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CHAPTER 5

CONCLUSIONS AND PERSPECTIVES

The interest of carbon-based electrodes for -electrochemical sensing has been
demonstrated in this thesis. After a general introduction on the synthesis of graphene, carbon
naotube (CNT) and carbon nanofibers (CNFs), functionalization strategies of carbon-based
electrodes used in this thesis were discussed (Chapter 1). In Chapter 2, the great potential of
chemically modified vertically aligned nitrogen-doped carbon nanotubes (VA-NCNT)
electrodes for the electrochemical sensing of lysozyme was presented. We took advantage of
the fast electron transfer of VA-NCNT and achieved specific lysozyme sensing through
covalent integration of a biotinylated lysozyme aptamer on the carbon nanotube structures. The
decrease in the differential pulse voltammetry current using [Fe(CN)¢]* as redox probe was
used as indicator for the presence of lysozyme. The described sensor exhibited a detection limit
of =100 fM without any need of amplification, appropriate for detection of lysozyme levels in
serum and urine. The aptasensor also exhibited the ability for reliable analysis of lysozyme
quantity in serum samples of inflammatory bowel disease (IBD) infected patients, where the
concentration of human lysozyme is up-regulated. The diagnosis of IBD relies currently on
clinical findings after radiological, endoscopic and histological examinations. The
development of a noninvasive alternative test that is rapid, sensitive, specific and simple is thus
a great step further towards preventing patient discomfort, delay in diagnosis, and follow-up of
the status of the disease. The required picomolar sensitivity for real time sensing IBD infected
patients is easily achieved with our developed sensor interface, making the sensor highly

reliable for the analysis of clinical samples.

Non-enzyamic sensing of glucose (Chapter 3) and H,O, (Chapter 4) were in addition
achieved in this work. One of the electrode matrix employed was based on carbon nanofibers
(CNFs/Co(OH);) nanocomposite. The sensing matrix was fabricated by electrophoretic
deposition (EPD) of a mixture of Co(NOs), and CNFs in ethanol at +50 V for 2 min onto a
gold electrode. Its electrocatalytic properties towards the oxidation of glucose in 0.1 M NaOH
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were tested and a sensitivity of 68 mA mM™ ¢cm™ was determined. A detection limit of 5 uM
with linearity of 10 uM to 0.15 mM was obtained.

Considerable improvements were obtained by coating a gold electrode with rGO/Cu NPs
by electrophoretic means from an ethanol solution of GO and CuSQs. This sensor showed a
good sensitivity of 447.65 pM mM™" cm™ towards glucose oxidation with a somewhat lower
detection limit of 3.4 uM when compared to (CNFs)/Co(OH), modified electrode with a
linear range from 0.01 to 1.2 mM. Both sensors showed good selectivity towards glucose and
were stable over time. The good analytical performance of the nanocomposites allowed for

sensing glucose in real human serum samples.

In the case of H,0,, the sensor is based on a newly developed electrode matrix, rGO/Au
NPs/Tyr hybrid, formed by a one-step procedure from a mixture of GO and Au’" ions in the
presence of tyrosine; tyrosine acts as an effective dual reducing agent for both GO and gold
salt. The electrocatalytic activity of the sensor for non-enzymatic H,O, reduction was
demonstrated. The sensor displayed a good sensitivity of 46.46 pM mM™ cm™ for H,O,
reduction with a detection limit of <20 uM over a wide linear range. The sensor exhibited in
addition a good selectivity for H>O, detection in the presence of potential interfering species

such as uric acid, ascorbic acid, dopamine and glucose.

This work opens a plethora of perspectives in the electroanalysis field. The integration of
other catalytic particles into carbon-based materials, especially GO, and the use of
electrophoretic deposition can widen the scope of such electrodes for other potential
electrochemical sensing applications (e.g. biomarkers, pesticides, bacteria, efc.). The use of
the same materials for photocatalytic applications (CO; reduction into added value chemicals,
photodegradation of organic pollutants...) can be thought after as well. Moreover, the
approach used for the diagnostic of people having IBD, which is simply based on the
detection of lysozyme levels in serum, can be widened to other diseases. Bacterial infections
and in particular wound infections are known to be correlated not only with increase in
temperature at the inflammation site, but with an increased secretion of lysozyme. The
integration of such sensors in wound healing strips might be a direct means of helping
efficient detection of wound infections. In addition, the ease of modification and good
electron transfer ability of VA-NCNT electrodes make it a possible support for various

biorecognition elements immobilization, thus for further construction of enzyme sensors,
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immunosensors and other aptasensors.
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6.1 Chemicals

All chemicals were reagent grade or higher and were used as received unless otherwise
specified. 4-Aminobenzoic acid, sodium nitrite (NaNO;), hydrochloric acid (HCI),
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), N-hydroxysuccinimide (NHS),
2-(N-morpholino)ethanesulfonic acid (MES), phosphate-buffered saline (PBS), tris buffered
saline, MES monohydrate, potassium hexacyanoferrate (II) trihydrate ([K4Fe(CN)g]-3H,0),
potassium  hexacyanoferrate(Ill)  ([KsFe(CN)¢]), hexaammineruthenium(III) chloride
([Ru(NH3)sCl3]) lysozyme, Micrococcus Iysodeykticus, bovine serum albumin (BSA),
cytochrome ¢ from equine heart (cyt C), casein from bovine milk, sodium dodecyl sulfate
(SDS), graphite powder (< 20 micron), potassium permanganate (KMnOj), sulfuric acid
(H2S04), phosphoric acid (H3PO4), hydrogen peroxide (H,O,), copper (II) tartrate hydrate,
copper (II) sulphate pentahydrate (CuSO4-5H,0), cobalt (II) nitrate hexahydrate
(Co(NO3),-6H,0), ethanol, sodium hydroxide (NaOH), D-(+)-glucose, uric acid, L-ascorbic
acid, dopamine hydrochloride, D-(-)-fructose, p-lactose, D-(+)-galactose, L-tyrosine,
potassium bromide (KBr), gold(IIl) chloride trihydrate (HAuCls.3H,0), dimethylformamide
(DMF) and platinum wire were purchased from Sigma-Aldrich.

Neutravidin was purchased from Pierce. The biotinylated aptamer was purchased from
Integrated DNA Technologies (Belgium) and had the following sequence: 5’-biotin-TTT TTT
TTT TTT TTT TTT TTT TTT ATC AGG GCT AAA GAG TGC AGA GTT ACT TAG-3".
Human serum samples from healthy patients and patients suffering of IBD were kindly
provided by Dr. Ionescu Andra (Fundeni Clinical Institute, Department of Gastroenterology
and Hepatology, Bucharest, Romania) in accordance with the local ethical committee. Human
serum sample for glucose monitoring was provided by Prof. Amar Abderrahmani from
Faculty of Medicine, Université du Droit et de la Santé Lille 2.

Au/Ti/glass electrodes were prepared by vacuum deposition of 5 nm of titanium and 48

nm of gold onto cleaned glass slides (76 x 26 x 1 mm’, n=1.58 at 1=633 nm, CML, France).
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Glassy carbon (3 mm in diameter) and Ag/AgCl reference electrodes were obtained from
Cambria Scientific. Silicon wafers were purchased from Siltronics.
The water used throughout the experiments was purified with a Milli-Q system from

Millipore Co. (resistivity = 18 MQ.cm).

6.2 Synthesis of carbon materials

6.2.1 Preparation of nitrogen-doped vertically aligned carbon nanotube -carpet

(VA-NCNT)

The VA-NCNT carpet electrodes were provided by Palaniappan Subramanian (Ariel
University, Israel). Typically, CNT synthesis was achieved in a three-zone
atmospheric-pressure tube furnace (Carbolite model HZS-E), using a single fused-silica tube
with an internal diameter of 22 mm. The two-first zones of the furnace preheated the
precursor gases at 770 °C, decomposing the hydrocarbon gases and forming water vapor from
O, and H;. The sample was positioned in the last zone of the three-zone furnace (G;) for the
annealing and growth steps at 755 °C. Flows of He (99.9999%), Aro, (a mixture of 99.9999%
argon with 1% oxygen), C,Hs (99.999%), and H, (99.9999%) were maintained using
electronic mass flow controllers (MKS P4B) with digital mass flows control unit (MKS
model 247D). All experiments were performed by using the “fast-heat” technique, in which
the samples are initially positioned outside the heated zone of the furnace with a fan blowing
on the exposed quartz tube to keep the sample at room temperature. Purging of the system
was performed by 100 standard cubic centimeters per minute (sccm) and 400 sccm H; for 15
minutes while the furnace was ramped to the desired temperature. Once the set temperatures
of three-zone furnace were reached, the quartz tube was shifted, positioning the sample in the
growth zone (Gs) to start the VA-CNT synthesis which includes three steps. First the stainless
steel coin surface was oxidized at 755 °C for 45 min by flowing 1000 sccm Arp, and 100
sccm Ar. Then the surface was reduced by flowing 400 sccm H, and 100 sccm Ar at 755 °C
for another 40 min. The third step comprises CNT growth. The flows of Ar, H,, Arp, and
C,H, were respectively set at 100, 400, 250 and 200 sccm for 15 min. After the growth was
completed, the quartz tube was shifted out of the furnace to slowly cool down to room
temperature under a flow of helium before the sample was removed from the furnace.

Nitrogen plasma treatment of VA-CNT was performed in a Zepto Low pressure plasma

system (Diner electronic Gmbh, Ebenhausen, Germany) equipped with a 40 kHz
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HF-generator operating between 0 and 100 W. The VA-CNT coated steel coins were
introduced into the plasma chamber for 2 min. The chamber pressure and the plasma power

were maintained at 1.2 mbar and 130 W, respectively.

6.2.2 Preparation of graphene oxide (GO)

GO nanosheets were produced from natural graphite powder by an improved Hummers
and Offeman method. Typically, a mixture of concentrated H,SO4 (98%)/H3PO4 (90:10 mL)
was added to a mixture of graphite flakes (0.75 g) and KMnQOy (4.85 g) in a round flask. The
reaction was kept stirring at 50 °C for 12 h. After cooling to room temperature, the mixture
was gently poured into ice (100 mL) with slow addition of 30% H»O, (0.75 mL) under
stirring. The solid product was separated by centrifugation at 7500 rpm for 30 min. After
centrifugation, the product was washed with 5 % HCIl solution 5 times to remove the sulphate
ions, followed by washing with distilled water repeatedly until removal of chloride ions in
neutral pH condition and finally washed with ethanol for 3-5 times. The resultant graphite
oxide obtained was dried in vacuum at room temperature.

A homogeneous yellow brown suspension (0.5 mg mL™) of GO sheets in water/ethanol

was achieved by ultrasonication (Fisher Transonic TI-H-10) for 3 h.

6.2.3 Preparation of carbon nanofibers (CNFs)

CNFs were kindly provided by Dr. Nianjun Yang (University of Siegen, Germany). The
preparation was carried out via thermal chemical vapor deposition (CVD) in a tube furnace,
which was equipped with a quartz tube. Copper (1) tartrate hydrate was pre-set in the quartz
tube (reaction chamber) as catalyst precursor. After heating the precursor to 250°C in vacuum
below 0.1 mbar, the chamber was filled with pure acetylene (C;H,) up to 500 mbar.
Sequentially, the system was kept at this temperature allowing for the growth. After a growth
time of 1 h, the process chamber was quickly evacuated and then heat up to 800°C to
eliminate the hydrogen in as-grown nanofibers (so-called carbonization process) for 1 h.

Finally, the whole system was cooled down slowly to room temperature.
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6.3 Modification and functionalization of electrodes

6.3.1 Immobilization of lysozyme aptamer on VA-NCNT

The fabrication of the lysozyme sensor includes three steps. Diazonium cations were
prepared in situ by mixing NaNO, (10 mM) with 4-aminobenzoic acid (10 mM) in HCI (0.5
M). The mixture was left stirring for 5 min at 0 °C before being transferred to the
electrochemical cell. Electrochemical modification was then performed by the reduction of
the in situ generated 4-carboxyphenyl diazonium salt using five cyclic voltammetry scans
from +0.4V to -0.6 V at a scan rate of 100 mV s™'. The VA-NCNT-COOH electrode was then
thoroughly washed with distilled water.

The terminal carboxylic acid groups of VA-NCNT-COOH electrode were activated by
immersion in MES buffer (pH=5.0, 100 mM) containing EDC (100 mM) and NHS (20 mM)
for 2 h at room temperature. The electrode was washed with MES buffer to remove excess
reagents. The electrode was subsequently functionalized with neutravidin (100pg mL™) in
PBS buffer (pH=7.4, 10 mM) for 1 h at room temperature, and rinsed copiously with PBS.
Immobilization of the biotinylated aptamer probe is based on the high affinity between avidin
and biotin. The neutravidin modified VA-NCNT electrode was immersed in PBS buffer
(pH=7.4, 10 mM) containing the biotinylated aptamer probe (1 uM) for 2 h at room
temperature. After washing with PBS (pH=7.4, 10 mM), the electrode was rinsed with 0.1 %

SDS to remove unbound aptamer.

6.3.2 Preparation of rGO, Cu NPs and rGO/Cu NPs-modified Au/Ti/glass interfaces by

electrophoretic deposition

The electrophoretic deposition (EPD) of rGO/Cu NPs was carried out in a two-electrode
cell, where the two electrodes were placed parallel to each other and separated by a distance
of 1 cm. A platinum foil (1 x 2 cm®) acted as the anode and the Au/Ti/glass substrate as the
cathode. GO/CuSOs suspensions were ultrasonicated for 30 min before use. The
electrophoretic cell was then filled with an ethanolic solution of GO/CuSO, (0.5:0.5 mg mL™)
and a DC voltage of +50 V was applied for 1, 2 or 3 min. After deposition, the interfaces were

rinsed with deionized water (three times) followed by blow drying with nitrogen.
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rGO modified Au/Ti/glass electrode and Cu NPs modified electrode were obtained by
EPD in a similar procedure from single solution of GO (0.5 mg mL™") or CuSOy (0.5 mg mL™)

in ethanol under otherwise similar conditions.

6.3.3 Preparation of CNFs, Co(OH); and CNFs/Co(OH),-modified Au/Ti/glass interfaces

The EPD of CNFs/Co(OH), was carried out by using a two-electrode cell, where the two
electrodes are placed parallel to each other and separated by a distance of 1 cm. A platinum
foil (1x2 cm®) acts as the anode and the gold substrate as the cathode. For the EPD
experiments, a suspension of CNFs and Co(NOs3),-6H>O mixture in ethanol was transferred
into the cell and a DC voltage of +50 V was applied for 1-3 min. The investigated ratio of
CNFs to Co(NO3),-6H,0 was varied as following: 1:1 (0.5:0.5 mg mL™), 1:2 (0.25:0.5 mg
mL™) and 2:1 (0.5:0.25 mg mL™). After deposition, the interfaces were rinsed with deionized
water (three times), followed by blow drying with nitrogen.

In the case of the formation Co(OH), coated Au/Ti/glass interface, Co(NO3),-6H,0 (0.5
mg ml™) dissolved in ethanol was used and electrophoretically deposited Co(OH), films were
obtained on cathode by applyinga DC voltage of +50 V for 2 min.

CNFs modified Au/Ti/glass electrode was prepared by drop casting 30 pL of a DMF
solution of CNFs (0.5 mg mL") onto Au/Ti/glass substrate, followed by subsequent full
evaporation of DMF in the oven at 80 °C.

6.3.4 Preparation of rGO/Au NPs/Tyr modified glassy carbon electrode (GCE)

In a Teflon vial were introduced 20 mL of an aqueous solution of GO (0.5 mg/mL) and
tyrosine (10 mM) and heated at 100°C for 24 h, then an aqueous solution of HAuCls (2 mM
or 4 mM) was added into the mixture while keeping the temperature at 100°C and stirring for
1 h, 3 hor 6 h. The resulting dark purple precipitate, which could be easily separated from the
supernatant via centrifugation, was washed three times with Milli-Q water. The obtained
rGO/AuNPs/Tyr nanocomposites can be facilely re-dispersed in water with the aid of
ultrasonication for 20 min.

Prior to modification, the GCE (diameter=3 mm) was polished with alumina and
diamond paste and sonicated in a mixture of ethanol/acetone (1/1 v/v) for 15 min. After

washing with Milli-Q water and drying with nitrogen, 30 pL of rGO/Au NPs/Tyr suspension
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(0.5 mg mL™") was casted onto the GCE, followed by heating at 80°C until full water

evaporation.

6.4 Determination of lysozyme concentration in human serum

(turbidimetric assay)

The determination of lysozyme in human serum sample is based on its enzymatic
activity using a classic turbidimetric assay [1, 2]. Micrococcus lysodeykticus is a suitable
substrate for the assay of lysozyme. In the presence of lysozyme, intact Micrococcus
lysodeykticus Cells will be lysed. During incubation of lysozyme and the substrate, the
turbidity of bacterial cell suspensions reduces gradually. A sensitive light scattering signal at
450 nm could be collected over time to explore the lysozyme assay.

In a typical process, Micrococcus lysodeykticus (0.1 mg mL™, 480 pL) in PBS (50 mM,
pH 7.4) was incubated with either 20 pL of undiluted serum or lysozyme standard solution (2,
3, 4,5, 10, 15, 20 pg mL'l) and the decrease in absorbance at 450 nm was monitored over
time (10 min). The rate of absorbance decrease at 450 nm was plotted against the
concentration of lysozyme to build a calibration curve. The concentration of lysozyme in the
human serum samples was deduced from the calibration curve and expressed based on hen

egg lysozyme.

6.5 Determination of glucose content in human serum (colorimetric

method)

The determination of glucose content in human serum sample is based on a
well-established phenol-sulphuric acid method [3, 4]. The scheme depends on the dehydration
of hydrolyzed saccharides to furfural derivatives in the presence of sulphuric acid. Further
reaction with phenol form yellow complexes that adsorb light strongly around 490 nm

(Figure 6.1).
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Figure 6.1 Schematic illustration of phenol-sulphuric acid method.

A standard calibration curve for glucose was then generated by mixing aliquots of
aqueous phenolic solution (5 wt.%, 1 mL) and concentrated H,SO4 (5 mL) to a series of 1 mL
aqueous glucose solution (20, 40, 60, 80, 100 pg mL™). After shaking continuously for 10
min, the absorption spectrum (450-550 nm) was recorded using a phenol-H,SOs-water
mixture as a blank. The absorbance (Am.x=490 nm) difference was plotted against the glucose
concentration. 50 pL of the human serum were diluted to 250 pL in water and mixed with 250

pL phenol/1.25 mL H,SO4 for glucose determination.

6.6 Instrumentation

For all the characterizations described below, the VA-NCNT carpets and interfaces
modified through EPD were applied for analysis directly after corresponding modification
unless otherwise specified. For GO, rGO/Tyr and rGO/Cu NPs/Tyr, the samples were
prepared by casting 30 pL suspensions (0.5 mg mL™) dissolved in water 3 times on clean

silicon wafer followed by subsequent drying in the oven at 80°C until full water evaporation.

6.6.1 X-ray photoelectron spectroscopy (XPS)

XPS experiments were performed in a PHI 5000 VersaProbe - Scanning ESCA
Microprobe (ULVAC-PHI, Japan/USA) instrument at a base pressure below 5x10° mbar.
Core-level spectra were acquired at pass energy of 23.5 eV with a 0.1 eV energy step. All

spectra were acquired with 90° between X-ray source and analyzer and with the use of low
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energy electrons and low energy argon ions for charge neutralization. After subtraction of the
Shirley-type background, the core-level spectra were decomposed into their components with
mixed Gaussian-Lorentzian (30:70) shape lines using the Casa XPS software. Quantification

calculations were conducted using sensitivity factors supplied by PHI.

6.6.2 Raman spectroscopy

Micro-Raman spectroscopy measurements were performed on a LabRam HR
Micro-Raman system (Horiba Jobin Yvon, France) combined with a 473-nm laser diode as
excitation source. Visible light is focused by a 100x objective. The scattered light is collected
by the same objective in backscattering configuration, dispersed by a 1800 mm focal length

monochromator and detected by a CCD camera.

6.6.3 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) spectra

SEM images and EDX spectra of the films were obtained using a FEI Nova NanoSEM
450 scanning electron microscope with FEG (field emission gun, Schottky type) system

equipped with an energy dispersive X-ray analyzer at an accelerating voltage of 20 kV.

6.6.4 Transmission electron microscopy (TEM)

The morphology and microstructure of the synthesized samples were analyzed using
high-resolution transmission electron microscopy (HR-TEM) of JEM-2100 at an acceleration
voltage of 200 kV.

For VA-NCNT, HR-TEM samples were prepared by dispersing a section of the CNT
carpet in 2-propanol with gentle sonication for 30 min and then placing 1 drop of the solution
on a 300 mesh Cu holey carbon grid (from SPI). For rGO/Au NPs/Tyr, the sample was
drop-casted from an aqueous dispersion of rGO/Au NPs/Tyr onto a carbon coated TEM grid

and the solvent was evaporated under gentle heating by a UV lamp.

6.6.5 X-ray diffraction (XRD)

XRD patterns were recorded in the range of 10-90° on a Rigaku D/Max-kA X-ray
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diffractometer using Cu Ko, radiation (A = 1.54 A) at 40 kV and 30 mA.

6.6.6 UV-vis measurements

Absorption spectra were recorded using a Perkin Elmer Lambda UV/Vis 950
spectrophotometer in plastic cuvettes with an optical path of 10 mm. The wavelength range is
200-800 nm.

GO or GO composites (20 pg mL™") were nicely dispersed in water with the aid of 3 h

ultrasonication and then filled into the quartz cuvettes for measurements.

6.6.7 Specific surface area measurements

Nitrogen adsorption-desorption isotherm analysis was carried out using an ASAP 2020
Physisorption Analyzer. 0.1547 g sample was loaded into the sample tube for the
measurement. The cold and warm free spaces were 50.2400 and 17.1169 cm?®, respectively.
The equilibration interval is 5 s. Brunauer-Emmet-Teller (BET) theory and Langmuir

Equation were applied to calculate their specific surface areas.

6.6.8 Zeta-potential measurements

Zeta-potential measurements were performed at 25°C using a Zetasizer Nano ZS
(Malvern Instruments S.A., Worcestershire, U.K.) in 173° scattering geometry. The zeta
potential was measured using the electrophoretic mode. All the measurements were completed

by diluting the prepared suspension for EPD by 10.

6.6.9 Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were recorded using a ThermoScientific FTIR instrument (Nicolet 8700) at
a resolution of 4 cm™. Dried GO, rGO/Tyr, rtGO/Au NPs/Tyr samples (1 mg) were mixed with
KBr powder (100 mg) in an agate mortar, respectively. The mixture was pressed into a pellet
under 10 tons load for 2—4 min, and the spectrum was recorded immediately. Sixteen
accumulative scans were collected. The signal from a pure KBr pellet was subtracted as the

background.
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6.6.10 Electrochemical measurements

All electrochemical measurements were performed using an Autolab PGSTAT 101
potentiostat (Eco Chimie, Utrecht, the Netherlands). The electrochemical cell consisted of a
three electrodes system, with modified electrodes described above as working electrodes, an
Ag/AgCl as the reference electrode and a platinum wire as the counter electrode. All
measurements were performed at room temperature.

Cyclic voltammetry (CV) measurements were performed in aqueous solutions of
Fe(CN)>™ (5 mM) containing 0.1 M KCI, 5 mM Ru(NH;)s> /0.1 M KCl at a scan rate of 50
mV s™'. To evaluate the catalytic abilities of the electrodes, CV scans were performed in 0.1 M
NaOH (in the case of glucose oxidation) as well as in 0.1 M PBS (pH=7.4, in the case of H,O,
reduction) at a scan rate of 50 mV s™.

Electrochemical detection of lysozyme was achieved by incubating the
VA-NCNT-aptamer electrode with lysozyme solution in PBS at various concentrations for 30
min at room temperature, followed by rinsing with PBS buffer and transfer to a 5 mM
[Fe(CN)s]* solution in 0.01 M PBS (pH=7.4) by differential pulse voltammetry (DPV)
measurements. DPV measurements were carried out in the following optimized conditions:
modulation time 0.05 s; interval time 0.5 s; initial potential -0.1 V; end potential 0.5 V; step
potential 5 mV; modulation amplitude 25 mV.

Chronoamperometric detection of glucose was performed in stirring alkaline solution
(0.1 M NaOH) by applying a constant potential of +0.55 V to the working electrode.
Chronoamperometric detection of H,O, on rGO/Au NPs/Tyr modified GC electrode was
performed under N-saturated steady-state condition in stirring PBS (0.1 M, pH=7.4) by
applying a constant potential of -0.6 V to the working electrode. Under both circumstances, a
subsequent addition of glucose/H,O, was realized and the current was measured when the

background current became stable.
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