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INTRODUCTION

Human body may represent a periodic table, in which elements and compounds regulate
the function of organs by chemical or physiological processes. Each element plays a
crucial role in human metabolism. Unbalanced number of compounds may lead to severe
diseases and serious issues in our daily life [1]. Biosensors are devices to monitor our
bodily fluids and their composition regarding chemical or physiological processes.
Historically, data generated from these devices was either analogue in nature or
aggregated in a fashion that was not conducive to critical secondary or tertiary analysis
[2]. However, in recent years much attention has been paid to these devices. In 2017,
$15.4 Billion was devoted to develop biosensors, usage of which is continuously growing
due to a rise of demand in diagnostics and monitoring combined with aging of the
population with its concomitant increase in the prevalence of chronic disease, increasing
healthcare costs and unmet healthcare needs [3]. Therefore, looking for a cost-effective,
highly sensitive and selective sensor to determine the specific molecules is highly
demanding.

A wide variety of carbon-based materials such as graphene, carbon nanotubes (CNTs),
crystalline diamond, and diamond-like carbon have been applied for sensor fabrication
[4]. Except the choice of material, many researchers have used various techniques such
as spectrophotometry [5], high performance liquid chromatography [6],
chemiluminescence [7], fluorometry [8] for precise measurements. Among them,
electrochemical sensors satisfy the main requirements due to their relative simplicity of
production, high selectivity and sensitivity, and fast response [9]. The only issue with
electrochemical sensors is restricted number of materials suitable for electrochemical
detection with the high sensitivity and selectivity. Therefore, efforts have been done to
develop materials that work in varied analytes and have ability to determine the low
concentration of compounds in a mixture [9].

In the recent years, graphene and graphene-based materials have attracted much
attention because of its unique structure and properties. Graphene has large
surface-to-volume ratio, excellent electrical conductivity, high carrier mobility and
density, which can be greatly beneficial for sensor functions [10]. Having a large surface
area gives huge number of the active sites and enhances the loading of desired
biomolecules. Excellent conductivity and a narrow band gap of graphene can be
beneficial for conducting electrons between biomolecules and electrode surface [4].

The use of graphene in any application begins with the challenge of producing
graphene with the maximum active surface area. The quality, surface area, and structure
of graphene layers vary in dependence on foreseen applications. One of the best ways
to increase the surface area is to use an effective substrate. A three-dimensional
structured substrate can host more graphene sheets and possibly more sites for electron
transfer [11]. Number of active sites can further be increased by functionalization of the
graphene using abrasive acids such as concentrated sulfuric and nitric acid [12].

On the other hand, metal nanoparticles (NPs) have shown very promising results
catalysing the reaction on the graphene electrode due to their fascinating physical and
chemical properties, such as, size- and shape dependent interatomic bond distances,
nanoscale electrochemical processes to be probed, which are significantly different from
those of the bulk materials [13]. Among them, copper nanoparticle with great catalytic
activities can facilitate the reactions on the electrode surface by decreasing the
over-potentials when applied to the sensors [14].



In this work, multi-layered graphene sheets were deposited onto a network of
aluminium oxide nanofibers (Al,0O3) using a chemical vapour deposition (CVD) procedure.
The hybrid materials of graphene-alumina were examined as the sensor materials and
tested for their sensing ability on simultaneous determination of ascorbic acid (vitamin C),
dopamine acid, and uric acid in a ternary mixture of compounds. Obtained results were
promising; thus, function of sensor was studied by further deposition of transitional
metal nanoparticles i.e. copper NPs on the structure. Fabricated sensor was successfully
tested for electrochemical determination of epinephrine, acetaminophen and
tryptophan in human urine samples. Final results were evaluated by interference study
and standard addition technique in human urine sample.
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1 REVIEW OF THE LITERATURE

1.1 Introduction

The word “sensor” originates from the Latin word “sentire” which basically means ‘to
identify’ anything. In general definition, sensors are devices which detect and respond to
some variable quantity of physical, chemical or biological changes in their specified
environment. These changes are further converted into signals that are human-readable
for further processing [1]. They are Generally classified in two main groups as physical
sensors and chemical sensors. Physical sensors mainly are used for collecting physical
responses such as temperature, magnetic field, pressure and force; however, chemical
sensors deal with particular analyte and chemical reactions and can be used for
determination of qualitative and quantitative determination of analyte. Some of the
important chemical sensors are optical mass sensitive and electrochemical sensors.

The history of chemically sensitive sensors back to as early as 1906, when the
concentration of an acid was associated to the electric potential generated between
parts of the fluid located on two sides of a glass membrane. Three years later, the
concept of pH was introduced by Sgren Peder Lauritz Sgrensen and an electrochemical
determination approach for pH measurements was implemented in 1922 [15]. In 1956,
Leland C. Clark Jnr fabricated first ‘true’ biosensor for oxygen detection and was called
as ‘father of biosensors’ [16]. He further developed an amperometric enzyme electrode
for detection of glucose in 1962. His invention was followed by other researchers such
as Guilbault and Montalvo leading to the first potentiometric sensor for detection of
urea. Eventually, first commercial sensor was developed in 1975 by Yellow Spring
Instruments for glucose detection [17].

In recent decades, chemical sensor-related research has even experienced explosive
growth. According to the annual reports, sensor related research has been spread in
different sectors such as pharmaceutical, environmental, food, biomedical, clinical, and
etc. Among them, sensors with ability to detect the chemical compounds in human bodily
fluids such as urine and blood samples have received much attention. The main reason
can be the steep increase in the cost of healthcare that makes it necessary to monitor
patient's health status in fast and easy way. Having appropriate feedback in real time
from the life-threatening compounds enables doctors to deliver the necessary
medications in case of health threating conditions. Additionally, such sensors have ability
to monitor tiny fluctuations of importance bio molecules and other health parameters
that can lead to fast diagnosis and cheap treatment.

There are number of properties that define ability of biosensor in detecting bio
compounds in an analyte:

1. Selectivity:
Selectivity is perhaps the most important feature of a sensor. In our body,
different compounds and elements are mixed together affecting others functions.
Therefore, a sensor should be capable to distinguish desired compounds in bodily
fluids, produce unique signal for it and visualize it for further analysis.

2. Reproducibility:
Reproducibility defines the sensing ability to produce the same responses while
the measurement conditions altered and repeat.

3. Repeatability:
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When all operating and environmental conditions remain constant, repeatability
defines the system’s sensing ability to produce the same response for successive
measurements. Repeatability in both long-term and short-term estimates the
sensor precision.

4. Stability:
Stability of the sensor is another important challenge for sensor development.
Stability is to produce the same output value over a period of time.

5. Sensitivity:
Sensitivity is the ratio of magnitude of output signal to the magnitude of input
signal. The slope of the calibration curve of current versus analyte concentration
can be used to calculate the sensor’s sensitivity.

6. Linearity:
Linearity of the biosensor is described by the closeness of the calibration curve to
a specified straight line. When a system is linear, concentration of the analyte can
be estimated in linear range.

1.2 Electrochemical sensors

Electrochemistry is a field of chemistry that investigates reactions happening at the
surface of electrical conductors (electrodes). These reactions mainly involve exchange of
electrons and provide valuable information regarding the energy levels of the system
since exchange of electrons is generally dependent on the potential applied at the
surface of the electrode. Therefore, flow of electrons is measured proportional to the
rate of reaction and, under transport limited conditions is described as a function of bulk
concentration of the reacting species.

Having above background, electrochemical sensors were built and developed to
determine the concentrations of specific species in an analyte. Very soon,
electrochemical sensors attracted attentions and were believed to be promising sensors
due to their low cost, ease of use, simplicity, high sensitivity, low limit of detection, and
selectivity [18].

At first, electrochemical sensors were developed for fuel cells, composed of noble
metal electrodes in an electrolyte to detect gases [19]. In gas sensors, electrolyte is
normally an aqueous solution of strong inorganic acids that generates a small current
while detecting gas.

Later, development of electrochemical sensors made them more applicable to study
the minute fluctuations of species in analytes. Number of electrons, potential or
conductivity transmits between the analyte and receptor is measured and result is used
to determine the analyte concentration in the whole system. Electrochemical sensors
are classified in three different sub-classes [9]:

» Amperometric sensors
» Potentiometric sensors
» Conductometric electrochemical sensors

Although in all of these sensors measurement of change on the electrochemical
property is the main function to recognize the reaction, the measured electrochemical
property is different. An amperometric sensor, for example, measures the current of the
working electrode to determine the concentration; however, a conductometric sensor
measures the change in the conductance of the sensing surface. On the other type,
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potentiometric sensors, monitors the potential of the working electrode to estimate the
concentration of compound.

Before discussing the details of graphene electrochemistry, it is useful to consider the
basics of electrochemistry in the commonly used carbon-based electrodes that have
been utilized for many years in industrial and academic settings.

Electrochemistry is the study of charge transference between an electrode and solution,
where a reduction and oxidation reactions occur and monitored. A typical three electrode
electrochemical cell may be used to perform such measurements (Fig. 1). Three electrodes
are usually needed in order to obviate the passage of current through the reference
electrode, which otherwise may result in changes in the activities of the various species.

In this method, redox reaction (oxidation-reduction) happens at the working electrode
and the potential is externally controlled between the working and reference electrodes.
The necessary second electrode reaction takes place at the counter electrode but since
generated current is large in respect to the working electrode, the current is limited by
processes happening at the latter. This current is proportional to the rate of reaction at
the working electrode that can be employed to quantify species at the working electrode.

Voltage o
source

O: the oxidized species, =N

R: the reduced species, e AR L
e’ a single electron, -
ko: the oxidation reaction rate constant, +e ke g
kgr: the reduction reaction rate constant. R. *R

Counter
electrode
Working  Reference

electrode  electrode

Figure 1. Three-electrode electrochemical cell and a scheme of a redox reaction [20].

Electron transference between solution species and an electrode depends on various
factors such as diffusion coefficient of substance in analyte, intrinsic properties of the
solution species i.e. density, and other adsorbed species on the electrode surface that
may affect the reaction by passivating the active surface of the electrode. This
passivation effect enables one to quantify the amount of the adsorbed species
passivating the electrode surface.

In electrochemical systemes, if a reaction is kinetically slow, more energy is required as
compared to diffusion limited case before the oxidation and reduction peak appear
further away from the equilibrium potential. Therefore, the current response recorded
in a system in such a condition provides details about kinetics of the system and the
concentrations of the oxidized and reduced species of the redox couple. This is used in
voltammetry techniques like cyclic voltammetry and differential pulse voltammetry.
Then in such system, one can study the concentration of analyte by using voltammetry
technique and analyzing the peak currents.

The diffusion rate of the reaction increases with the scan rate since there is less time
for a concentration profile to extend into solution and therefore, the height of the peak
current increases. However, more increase in scan rate pushes the current peaks further
away from the equilibrium potential because more energy is required to reduce the
oxidized species.
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1.3 Nanoparticle-based electrochemical sensors

Recently, the use of varied nanoparticles in analytical chemistry has gained much
attention with new developments in nanotechnology [21, 22]. Nanoparticles provide
unique chemical, physical, and electronic properties which rarely can be seen in their
bulk counterparts. Therefore, using nanoparticles can add valuable properties and
enable us to construct novel electrochemical sensors with better selectivity, higher
sensitivity, wide linear dynamic range, low cost, and stability [23].

Numerous nanoparticle including metal, metal oxide, mixed metal oxide, composite
nanoparticles and polymers have been tested for their unique properties such as
electrical conductivity, stability, electronic, magnetic, and optical properties [21, 23].

Since nanoparticles own large specific surface area and high surface energy, the
implementation of nanoparticles into electrochemical sensors creates higher active sites
for the reactions and electron exchange between the electrode and analyte. Additionally,
presence of nanoparticles can enhance the stability of sensor by providing effective
physical or chemical bonds between the electrode and target species [24].

Modification of the electrode surface using nanoparticles was found to be a useful
approach to enhance the sensitivity and selectivity of the sensor. In general,
electrocatalytic activity of the nanoparticles decreases the over-potential required for
catalytic reactions and thus enhance the overall performance [13].

To develop electrochemical biosensors with a high performance, the electron
transport properties between the active sites of the electrode and target compounds
should be improved. By exploiting the conductivity of nanoparticles, the electron
mobility can be enhanced profoundly resulting to higher sensitivity [25].

When the nanoparticle interact with analyte, target molecules react on the surface and
generate electrical signals which can define the concentration of the target species [24].

Among various metal nanoparticles, copper has gained much attention due to its high
conductivity, intrinsic properties and wide potential applications. Copper nanoparticles
(CuNPs) as an important semiconductor with a band gap of 2.1 eV, and large surface-to
volume ratio is considered promising material to be used in optics, electronics, gas sensor
and electrochemical sensors [14, 26]. The surface area-to-volume ratio of particles
depends on different factors such as shape and size of nanoparticles. The characteristic
properties including the electronic transitions, phase transition temperature and the
electronic energy levels are also modulated by the change in surface area.
Electrochemical deposition of CuNPs as an effective technique to deposit tiny
nanoparticles over carbon based electrode, may assist one to reach higher surface area
of the CuNPs over the substrate and benefit the catalytic effect of Cu in electrochemical
sensors [27].

1.4 Graphene

Graphene as a monoatomic two-dimensional structure of carbon atoms discovered in
2004 by Geim et.al [28] has drawn huge research interests due to its extraordinary
properties and potential applications in nanotechnology. Numerous layers of graphene
can be attached together to form graphite, one-dimension (3D) structure of carbon
atoms or can simply rolled to form carbon nanotube, a one-dimension (1D) structure of

15



carbon atoms. Graphene atoms can also be seen as a zero-dimension (0D)structure by
wrapping to form fullerenes [28, 29].

The two-dimension (2D) nature of graphene coupled with delocalized m electrons from
sp? hybridization in C-C bond enables analyte molecules to adsorb on the electrode
surface, exchange charge with it or change surface properties which make it suitable
material for sensing applications.

1.4.1 Graphene: properties and production

Graphene as a hot research material owns not only unusual properties regarding
extreme mechanical strength [30], thermal conductivity [31], but also peculiar high
charge carrier mobility [32], optical transparency [33], superior intrinsic carrier velocity,
and chemical inertness in room temperature. Graphene owns highest possible surface
area to volume ratio at 2600 m? g and electron mobility rate of up to 230000 cm? V! s!
[34] which is considered as an important factor in electrochemical applications. Ability to
provide unique combination with all these characteristics made graphene as a promising
material for electronic and sensor applications.

In addition to monolayer graphene, few-layer graphene has been extensively
investigated in various applications. There is a lot of debate over the correct name of
graphene like materials due to variation from the 2D lattice structure of pure graphene
with the introduction of defects, increased oxygen content and multiple layers [35-37].

Different techniques have been employed for preparation of graphene sheets
including exfoliating, thermal decomposition and reduction of graphene oxide.
Exfoliation represents a repeated peeling process of graphene layers in oxygen plasma
[38]. However, the size and crystalline quality cannot be easily controlled and graphene
layers have been widely distributed in thickness. In other way, exfoliation can be
performed in liquid phase and using graphite oxide in ultrasonic bath.

Recently, novel techniques such as mechanical exfoliation technique; a microwave-
assisted exfoliation and exfoliation of single sheets employing gases are introduced.

Although exfoliation techniques potentially are cheaper and commercially interesting,
there are several limitation factors, such as impurities and defects causing by application
of either aggressive solvents or mechanical loads.

Chemical vapor deposition (CVD) of graphene on transition metals is another
promising approach to produce graphene. CVD introduces an inexpensive way to deposit
graphene layers on the surface of substrate by decomposing inserted gas to carbon
radicals [39]. The chosen substrate (metal) works as a catalyst to decrease energy barrier
of reaction and growth of the graphene layers on the substrate.

Among above techniques, a catalyst-free CVD growth of few-layered graphene on
dielectric substrates of nanofibers has been developed by I. Hussainova’s group [11, 40,
41]. Highly foliated graphene contains high surface area which is coupled with the high
edge density of the 3D nanostructures.

1.4.2 Potential of graphene in sensing applications

Graphene has widely been studied for sensing applications. In some works, noticeable
applications of graphene have been discussed [10, 35, 42]. Excellent electrical
conductivity combined with large surface area of the graphene has made it an ideal
material as an electrode in electrochemical applications. Main challenge to use a material
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as an electrode in electrochemical sensing system is to have a reduction or oxidation
reaction possibility on the electrode surface. In this case, electrochemical reaction may
lead a change in current, voltage or impedance that can be recorded and further
analyzed. Generally, monolayer graphene with edges and defected sites is considered as
a promising electrode material which allows the surface exchange, but it is also common
to increase the surface exchange by adding functional groups [43]. Very extensive
reviews covering the role of graphene in electrochemistry and biosensors have been
published in recent years from the leading electrochemistry and graphene groups [2, 10,
35].

1.4.3 Electrochemistry of graphene

Working electrode, at which redox reactions occur, can be fabricated using various
electrically conductive materials. Generally, metals such as gold and platinum are ideal
conductors but are not suitable for mass production of biosensors due to their high price
[18, 44, 45]. Instead, carbon-based electrodes have been shown to be promising
candidates due their lower costs and tailorable surface structure affecting the
performance. Carbon based materials such as basal plane pyrolytic graphite [46], glassy
carbon electrodes and screen printed carbon electrodes [47] have been widely used for
sensing applications. Although they all considered as carbon materials, they own
different structure and electrochemical performance attributed to both functional
groups and overall conductivity of the material.

Graphene as a conductive, environmental friendly and inexpensive material is
considered very attractive material for bio-sensing devices utilising electrochemical
methods [37]. Graphene has a wide stable electrochemical window, in which having
oxygen functional groups results in a relatively slow electron transfer rate; however, as
the oxygen content declines, the heterogeneous electron transfer rate increases
gradually [48]. The surface of graphene is heterogeneous in which the electron transfer
occurs at the edges and defected planes where contain higher density of electronic states
[36].

In graphene produced by CVD technique, graphitic islands were detected implying
major roles in the electron transfer; however, several studies showed some evidence of
high activity on highly oriented pyrolytic graphite. This means that graphene can be
assumed to be a model for the base plane of graphite where faster electron transfer may
not be dominated by the edge planes [49].

1.4.4 Objectives of the study

The main objective of the work was to development of the electrochemical sensors by a
few layers of highly foliated graphene and to apply this system for simultaneous
determination of biomolecules in clinical and food studies. To achieve this goal, a metal
oxide — graphene hybrid material with different but tailorable architectures were
developed and thoroughly characterized. The study was progressed with
functionalization and further activation of the synthesized materials. Electrochemical
activity of the materials was challenged by electrochemical deposition of Cu
nanoparticles onto the structure using various surface treatment techniques. Thereafter,
to optimize the performance, the parametric studies were carried out. The produced
sensors were used for determination of Ascorbic Acid, Dopamine, Uric acid as well as
17



Epinephrine, Acetaminophen and Tryptophan in phosphate buffer solution and human
urine samples.
To achieve the objective of the study the following activities were considered:

>

»

>

Structural characterization and morphology studies of the hybrid material
using physical and chemical approaches;

Fabrication of an electrochemical sensor for simultaneous determination of
ascorbic acid, dopamine and uric acid in human urine samples;

Enhancement of electrochemical properties sensor material by optimizing
powder preparation technique and applying chemical functionalization
approach;

Increase of catalytic activity of the structure by depositing Cu nanoparticles
Further development of a highly selective sensor for simultaneous
determination of epinephrine, acetaminophen and tryptophan in human urine;
Optimization of the sensor working conditions including pH studies and effect
of scan rate.
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2 EXPERIMENTAL AND MATERIALS

2.1 Materials, reagents and glassware

All chemicals and reagents were of analytical grade and used as received without any
purification. Ascorbic acid (AA), uric acid (UA), epinephrine (EP), acetaminophen (AP),
tryptophan (Trp), NaH,PO, and Nafion® were purchased from Sigma-Aldrich. Na;HPO,
was purchased from VWR chemicals and dopamine (DA) was acquired from Alfa Aesar.
The Copper (l1) sulfate pentahydrate salt (CuSO4:5H,0) was received from Fluka (Buchs,
Switzerland).

All data of the current study were collected using clean and fully wet able glassware.
To achieve reproducible results and minimize the errors, sulfuric acid made by Sigma-
Aldrich (concentrated 95 % - 97 %, puriss. p.a, ACS reagent) was used to wash the
glassware. Thereafter, test sells and sampling equipment were dried in oven (80 °C). H,0,
(hydrogen peroxide 30 %) was used to increase the oxidative properties of the
concentrated sulfuric acid while cleaning lab ware.

2.2 Synthesis of catalyst

The graphene augmented inorganic nanofibers was synthesized with the help of a direct
catalyst-free chemical vapour deposition (CVD) technique at a treatment temperature of
1000 °C. Carbon foliates were grown along the dielectric surface of alumina nanofibers
by flowing methane (CH4) and hydrogen (H») gas through a CVD chamber at a rate of
50 cm3 min~. Carbonization process prolonged either for 60 min and 120 min resulting
in the carbon weight gain of 300 % and 700 % compared to initial fibers’ weight,
respectively [Papers lI- IV]. The optimized graphene-augmented network material was
synthesized in the same chamber (1000 °C, 120 min) under methane (CH4) and hydrogen
(H2) gas flow of 200 cm? min~ and 100 cm3 min~%, respectively. In case of reference paper
I, ANF-C400 synthesized and was immersed into severe oxidizing mixture of H,SO4/HNO3
(3:1, v/v) at 70 °C for 48 hours for purification of —COOH functionalized material.
Thereafter, sample was washed with distilled water and dried in a vacuum (80 °C, 8 h).
Obtained -COOH modified material was crashed in mortar, and powdered using KM ball
milling machine for 3 h. Resulting particles were additionally treated using Hielscher
UP200Ht ultrasonic homogenizer for 20 min in 50 ml of water. Obtained materials were
denoted as ANF-C300, ANF-C700 and ANF-C400, respectively (Fig. 2).
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Figure 2. Scheme of electrode fabrication (ANF-C400 is called GAIN in reference Paper I)

2.3 Fabrication of sensor

A GCE electrode pressed into a Teflon holder of 5 mm in diameter was chosen as the
substrate of synthesized materials due to its wide potential window, low background
currents and chemical stability. Prior to modification, GCE was polished using 0.05 um
alumina slurry to end up a mirror like surface. Polished electrode was rinsed in Millipore
water 3 times (each time for 1 min) while ultrasound bath was removing the adsorbed
substances of the surface. Then, the GCE electrode was dried under N; gas flow.

An electrode modifier ink was prepared by suspending 5 mg of synthesised material
(ANF-C300, ANF-C700) in 178 uL Millipore water, 25 uL isopropanol and nafion®
dispersion solution in a way that achieve 5 wt. % nafion in final catalyst layer. Catalyst
suspension was sonicated 30 min to give uniform slurry. As prepared homogeneous
slurry was spin-casted on the polished GCE and dried in room temperature (Fig. 2).

2.4 Synthesis of Cu modified catalyst

CuNPs were deposited electrochemically on the surface of fabricated sensor detailed in
section 2.3. Prior to deposition, GCE covered ANF-C400 was cycled for 30 min to obtain
reproducible cyclic voltammetric diagrams. Then calculated amount of CuSO4-5H,0 was
dissolved in 0.1M H,SO, in a way that final concentration of Cu was achieved in solution
[Paper I]. Electrochemical deposition procedure was performed by cycling the potential
in the range between —0.1 to 0.4 V vs. SCE at a scan rate of 10 mV s for 10 cycles.

2.5 Preparation of electrolyte solution

0.1 M phosphate buffer solution was chosen as the analyte throughout the analytical
measurements. Phosphate buffer is a water-based non-toxic solution that simulates
physiological condition in this work. Needed amount of 0.1 M phosphate buffer was

20



prepared by mixing stock solutions of Na,HPO,4, NaH,PO4 in a supporting electrolyte of
0.1 M KCI. The pH of the buffer solution was monitored and adjusted by addition of NaCl
to a desired value as described in “optimization of experiments”.

Stock solutions of AA, DA, UA, EP, AP and Trp were prepared daily by dissolving a
suitable amount of reagents in a 0.1 M phosphate buffer to achieve concentration in the
range of nano molar (nM) to micro molar (uUM).

2.6 Characterization of materials
2.6.1 Physical characterization methods

Surface morphology and microstructural features of the synthesized materials were
studied using a high-resolution transmission electron microscope (HRTEM JEOL
JEM-2200FS, Japan) and further examined by a high-resolution scanning electron
microscopy (HR-SEM) Zeiss HR Gemini FESEM Ultra 55 equipped with Bruker EDX system
for energy-dispersive X-ray measurements.

Characterization of carbon layers were studied by a high resolution Raman
spectrometer using Horiba LabRam HR800 spectrometer equipped with a green Nd:YAG
laser (A = 532.1 nm), a red He-Ne laser (A = 632.8 nm), and a multichannel CCD detection
system in the backscattering configuration.

XPS analysis was performed using an X-ray photoelectron spectroscopy (XPS) with an
Omicron Multi probe XPS system (base pressure of 2x10° mbar) and an EA125 U5
analyzer at a 45° takeoff angle. Wide and core level spectra were collected at 50 and
20 eV pass energy, respectively.

2.6.2 Electrochemical characterization methods

Electrochemical and sensing measurements including cyclic voltammetry (CV),
differential pulse voltammetry (DPV), chronoamperometry (CA), and electrochemical
impedance spectroscopy (EIS) were conducted in a potentiostat/galvanostat Autolab
PGSTAT30 with FRA2 in a standard three-electrode electrochemical cell (Fig. 3). A Pt wire
was used as the counter electrode; a saturated calomel electrode (SCE) was employed as
the reference electrodes and a GCE covered synthesized material served as the working
electrode (preparation details in 2.3 and 2.4). Prior to measurements and to achieve
stable response, solution was deoxygenated by purging N, gas into the solution.
Additionally, all working electrodes were cycled for several times from —0.3 to 0.9 V vs.
SCE until depicting stable voltammograms.
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Figure 3. Scheme of a three-electrode compartment electrochemical cell including working,
reference and counter electrodes.

Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is an electrochemical technique where the potential of the
working electrode is ramped linearly versus time. Once the end potential on the
triangular excitation potential ramp is reached, it begins a scan in the reverse direction
(Fig. 4a) [20].

Cyclic voltammetry is considered as advantages technique due to a wide dynamic
range, extreme sensitivity to low concentrations of ionic species, and ease of use.
Additionally, CV is a non-destructive method for characterizing electron transfer
mechanisms. Using CV, one can study redox processes, understand reaction
intermediates and reaction products by varying the applied potential on the working
electrode and measuring the current [1].

Important parameters of a CV voltammogram including peak potentials (Eqc, Epa) and
peak currents (/nc, Ipa) form the basis for the analysis of the cyclic voltammetry response
to the analyte. The shape and place of the peaks depend on the concentration of a
reactant and a product at the electrode surface during the scan. In ideal case, the scan
begins at a potential where analyte is neither oxidized nor reduced and negligible current
flow can be monitored (Fig. 4b).

As soon as potential is ramped linearly, electron starts to transfer between the working
electrode and the analyte which leads to an accumulation of product and a depletion of
the reactant (oxidation / reduction of species).
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Figure 4. Scheme of cyclic voltammetry input waveform (a), and a sample of reversible cyclic
voltammogram response (b).

If the electron transference between the working electrode and analyte is faster than
diffusion, the reaction called as electrochemically reversible and anodic and cathodic
peak separation can be calculated using equation 1 [20]:

AE, = Epq — Ep. = 2.303 RTnF (1)

Inirreversible reactions, a reverse peak would not appear and voltammogram presents
in a different shape. In irreversible reactions, electrode kinetics is slower than the rate of
diffusion. The peak currents for irreversible system can be found using equation 2 [50]:

1 1 1
Iy = =2.99 x 10° n(acn')zACDzvz (2)

where a. is cathodic electrochemical charge transfer coefficient, n’ is the number of
electrons transferred in rate determining step, A is the geometrical surface area (cm?), C
the analyte concentration (mol/cm?3), D the diffusion coefficient (cm?/s), and vthe scan
rate (V s%).

Differential pulse voltammetry (DPV)

Differential pulse voltammetry is another important technique to study electrode
kinetics. In DPV, a small pulse is superimposed onto a single linear forward scan, without
applying reverse scan. The current is measured just before the application of the pulse
(ia) and the second at the end of the pulse (iy). The resultant difference in current (iy-ia)
is plotted versus the base potential (Fig. 5). The current peaks in resulting differential
pulse voltammogram are directly proportional to the concentration of the corresponding
analyte, while the peak potential (E,) correspond to the identity of the species, as it
occurs near the polarographic half-wave potential (equation 3) [51]:

By = E1 — AE/2 (3)

DPV cannot study the reversibility of the reactions but can be used for measuring trace
levels of organic and inorganic species at the very low concentrations of nM to uM.
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Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy has long been used to investigate the
electrochemical systems. In this technique, a small sinusoidal AC voltage probe (typically
2 — 10 mV) is applied, and the current response is measured. The in-phase current
response corresponds to the resistive (real) component of the impedance, while the out-
of-phase current response implies the capacitive (imaginary) component.

To achieve a linear response and simple equivalent circuit analysis, a very small AC
probe voltage applies to the electrode and response being recorded. Thereafter,
obtained response being fitted to equivalent circuits of resistors and capacitors i.e. the
Randles circuit shown in Fig. 6a. This equivalent circuit yields the Nyquist plot and
provides a visual insight into the system dynamics (Fig. 6b) [52]:

Rs(cd [Rct Zw])
where R is the charge-transfer resistance, Cy is the double-layer capacitance; R;s is the

solution-phase resistance and Z, is the Warburg impedance, which appears from
mass-transfer limitations.

d

R_ B I } 7Z'|mag

_,\/VV\/_ Z\V

Zreal
Figure 6. sample scheme of a Randles equivalent circuit (a) and Nyquist plot arising from the
Randles circuit (b).
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Chronoamperometry (CA)

Chronoamperometry is the most common electrochemical technique utilized due to ease
in result interpretation. Moreover, the technique requires minimal instrumentation to
implement. In CA, a fixed potential is applied to an electrode until a steady state current
is achieved. Stirring can ensure a constant concentration gradient of the analyte at the
working electrode surface. After achieving a steady current on the electrode, addition of
the analyte of interest is being started to the electrochemical cell. The addition of varied
analytes results in increase in current, Fig. 7a-b. In CA plots, the magnitude of the current
is proportional to the concentration of the analyte, which in turn is proportional to the
rate of the redox reaction at the working electrode surface [20].

b

Eupp

Time > Time —

Figure 7. a) Current wave form for amperometry experiments b) A typical amperometry plot in
stirred solution.
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3 DEVELOPMENT OF SENSORS

3.1 Morphologic characterization of hybrid materials

The electrode materials have been thoroughly characterised by physical structural
techniques. Surface morphology and structure of the synthesized materials were
described in papers [l to IV]. Here, the most important properties and aspects are
discussed.

HRTEM data collected from the synthesized samples clearly show that the core-shell
type nanostructures are developed representing graphene layers wrapped around
alumina nanofibers (ANFs) along a longitudinal axis. The layers’ interspace was estimated
to be 3—4A. Therefore, the morphology of the hybrids of alumina and graphene-like
nanostructures may be roughly represented by a filled multiwall carbon nanotube. The
development of flakes or foliates on the fibers is demonstrated in Figure 8; these foliates
consist of 2 - 3 graphene layers. Therefore, this corrugated graphene can be successfully
utilized for the catalyst immobilization for providing more electrochemical active sites to
catalyse reactions. The nanostructures of the ANF-C material and the surface of the ANFs
after graphene synthesis are schematically shown in reference papers | to IV.

Figure 8. HRTEM images of the foliated hybrid nanostructures

Data from HRSEM approved the formation of micrographs of the three-dimensional
arrays of graphenated alumina nanofibers graphene flakes on the fibers. Density of
foliates of the samples depended to the CVD treatment time in a way that increased from
30+ 5to 50+ 10 (per micron) in ANF-C300 and ANF-C700 materials. Simultaneously, the
core diameter of the graphenated fibers increased from 20 + 5 nm to 50 + 10 for the
ANF-C300 and ANF-C700, respectively. As shown in figure 9a-b and in agreement to the
HRTEM data, carbon layers with lots of admixture of the graphitic flakes has formed on
the nanofibers and has developed closed shell of graphene multi-layers and nano-flakes
with controlled density.
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Figure 9. HRSEM image of the a) ANF covered graphene b) ANF-C400/Cu after milling

The Raman spectrum of the ANF decorated graphene (Fig. 10) presents a strong G band
peak at around 1596 cm™. This peak is considered as the evidence of the graphitized
structure of material. The D peak observed at 1340 cm™ proves the appearance of the
graphitic carbon formation. This band is often refers to the disordered defected
edge-induced peak. The proportion of the D band the G peak (denoted as Ip / Ig) is used
as a measure of the quality of carbon nanostructures. In this work this calculated as 1.45
defining the degree of carbon graphitization. Additional 2D, D + D” peaks detected at
2685 and 2929 cm™tinterpreted as characteristic of few-layers of graphene, respectively.

The chemical composition of the synthesized materials were analysed by XPS.
Obtained data showed that surface of graphenated fibers was mainly composed of
carbon and small amount of oxygen in both materials. The amount of carbon was higher
in ANF-C700 as compared to ANF-C300. Further analysis, demonstrated a lower
concentration of oxidized carbon centres in ANF-C700 as compared to ANF-C300.
Oxidized centres may have formed due to the physical adsorption of oxygen or vapour
mainly on the edge defects at room temperature after exposure of the sample to air. The
surface area BET measurements revealed very close values of 125 m? g and
119 m? g™* for ANF-C300 and ANF-C700, respectively.

80

—

o —ANF-C300
60 | '

- ANF-C700

50 -

4 |

Intensity (a.u.)

30 +

20

10 +

o 1 1 1 1 1
500 1000 1500 2000 2500 3000 3500

Raman shift cm

Figure 10. Raman spectra of the precursor ANF-C700
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3.2 Optimization of experiments

The functional potential and electrochemical response of the developed sensors depend
on number of factors including pH, scan rate and particle size of the synthesized material.
Each of these factors are discussed in details in this section.

3.2.1 Powder preparation parameters

To obtain a stable signal from the sensor, an array of the graphenated fibers was
powdered with the help of several techniques listed in Table 1. Due to the importance of
electrochemical response, each sample was probed in 1 M KCl + 5 mM KsFe(CN)g system.
Electrochemical signals obtained from the prepared powders were analysed (reference
paper lll) and the optimum way of powder preparation was chosen for the rest of the
experiments.

Table 1. Optimization of experiments by varying powder preparations techniques.

Sample | Mortar Ball Presence of | Ultrasound treatment Microwave Strong Acid
No. milling WC treatment treatment
1 N - - 10 min in water - -
2 N - N 10 min in water - -
3 \ 30 min \ 10 min in water - -
4 \ 30 min - 10 min in water - -
5 \ 180 min - 30 min in isopropanol - -
6 N 180 min - 30 min in isopropanol - -
7 N 180 min - 10 min in water 2 min -
8 N 180 min - 30 min in isopropanol - N

Thus, an approach used for sample 8 has been applied for paper | and approach 5 was
used for rest of the reference publications.

3.2.2 Effect of pH

The pH of the supporting electrolyte has significant effect on the oxidation peak of the
studied compounds on manufactured sensors. The pH range studied by using cyclic
voltammetry at various pH values ranging from 4 to 9 (Fig. 11a-b). Experimental results
for oxidation of EP, AP and Trp showed that oxidation and reduction potentials were pH
dependent. An increase in analyte pH values shifted both anodic and cathodic peaks to
more negative values. This behaviour was explained by a deprotonating step involved
into all oxidation processes which is facilitated at the higher pH values [53]. According to
maximum current from the CV measurements, the pH value of 6.0 was chosen for the
further experiments for detecting EP, AP and Trp. This value was set as 7.0 for the
electrochemical determination of AA, DA and UA as the analyte molecules were
positively charged; therefore, an electrostatic attraction facilitated their movement
towards the electrode surface.
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Figure 11. Effect of pH on a) the peak current and b) the peak potential for the oxidation of
200 uM EP, 150 uM AP and 100 uM Trp in 0.1 M phosphate buffer (scan rate = 50 mVs™).

3.2.3 Effect of scan rate

Effect of scan rate on the cyclic voltammetry response was studied in the scan rates from
10 up to 200 mV s*. The oxidation peak currents showed that by increasing the scan rate,
the anodic and cathodic peak currents increased. Meanwhile, anodic peak potentials
moved to more positive potential values; while cathodic peak potentials shifted to more
negative values (Fig. 12). From the plotting, relation between the anodic peak current
and square root of scan rate was described (insets in Fig. 12). It was found that the peak
current is proportional to the square root of scan rate. The CV results approved that ANF-
C700 was able to determine each of AA, DA, and UA in ternary mixture demonstrating
the negligible interfering effect from interactions among AA, DA and UA.
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Figure 12. Effects scan rate at ANF-C700 modified electrode in 0.1 M phosphate buffer (pH 7.0)

containing 5 mM AA, 1ImM DA, and 1mM of UA at different scan rates (10, 20, 40, 70,100,150,

200 mV s). Insets: plots of peak current versus square root of the scan rate for individual AA,
DA and UA as noted in graph.

29



3.3 Electrochemical characterization of hybrid materials
3.3.1 Surface area study

To investigate the kinetic of electrons transfer at an electrode/solution interface, a
standard redox reaction of 0.5 mM Fe(CN)s 374 in 0.1 M KCl was employed. Cyclic
voltammetry data collected for ANF-C300 and ANF-C700 showed a set of improved
reversible reactions. The separation between reduction and oxidation peak potentials
for AA (AE,) was around 70 mV for both samples at the scan rate of 10 mV s (Fig.13a).
Peak currents intensities enhanced and peak positions shifted to more positive values
with an increase in the scan rate from 10 to 200 mV s™* (Fig.13b). A linear dependency
was observed between the peak currents and a square root of the potential scan rate
implying a semi-infinite diffusion-controlled reaction on the electrode interface [54]. The
electroactive surface areas of the ANF-C300 and ANFC700 electrodes were calculated as
0.333 and 0.426 cm? using the Randles—Sevcik equation (equation 4) [20]:
i, = (2.69 x 105)n*2ACD'/?p1/2 (4)
where ip is the peak current (A), n is number of transferred electrons (n = 1), A is the
surface area of the electrode (cm?), C is the concentration of Fe(CN)s*/*" in analyte
(mol cm™), D is the ferricyanide diffusion coefficient (6.67 x 107® cm? s7%) and v is the
potential scan rate (V s7%).

From the above calculations, a higher surface area of the graphenated nanofibers
accompanied by the highly porous 3D structure of the electrode material provides a
relatively high electrochemically accessible surface area. This result shows an enhanced
electrochemical activity and an excellent suitably of the ANF-C electrode for the

electrochemical determination of small organic molecules and electrochemical sensing.
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Figure 13. (a) CVs of ANF-C300, ANF-C700 and GCE electrodes recorded in 5mM
Fe(CN)s 374+0.1M KCl solution at a scan rate of 10 mV s™%; (b) anodic and cathodic peak currents
of the electrodes vs. the square root of potential scan rates in the range of 10 to 200 mV s72.

3.3.2 Electrocatalytic behaviour of sensors

Electrocatalytic behaviour of ANF-C300, ANFC700 and GCE electrodes were studied in
phosphate buffer solution (pH = 7.0) and in ternary mixture of AA, DA and UA at the scan
rate of 50 mV s7*. Oxidation peaks of DA and UA were very wide and in lower intensity in
ANF-C300 sensor; however, very sharp pronounced oxidation peaks were observed using
ANFC700 sensor at the potentials of =70 mV, 210 mV and 320 mV for individual
compounds of AA, DA and UA, respectively (Fig. 14a-c). Therefore, ANF-C700 material
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was challenged in ternary mixture of AA, DA and UA. The CV response recorded for the
ternary mixture solution is presented in Fig. 14d. The ANF-C700 modified electrode
clearly separated the oxidation peaks appeared at -80 mV, 190 mV, and 340 mV for AA,
DA and UA, respectively. Potential peak positions were nearly unchanged with reference
to the peaks recorded for individually examined analytes by voltammetry technique. This
clearly shows that ANF-C700 modified electrode is highly selective toward simultaneous
determination of three components under consideration.
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Figure 14. CV responses of (a) AA (5 mM), (b) DA (1 mM), (c) UA (1 mM), and (d) mixture of 5 mM
AA, 1 mM DA, and 1 mM UA in 0.1 M phosphate buffer (pH 7.0) on ANF-C700 at 10 mV s7%,
respectively.

As an additional work, ANF-C700 was challenged to determine other three compounds
that can be found in our body i.e. EP, AP and Trp. Oxidation peaks of these three were
very wide and sensor was not able to detect them analytically (Fig. 15). Therefore,
ANF-C400 with updated synthesis protocol was used as substrate.
As explained in materials and methods, fabricated material was further functionalized
and were studied for determination of EP, AP and Trp. Very well-defined oxidation peaks
were observed at 0.244 'V, 0.444 V and 0.709 V attributed to EP, AP and Trp, respectively.
Peak currents shifted towards more positive potential values on the
ANF-C400/Cu as compared to the ANF-C700. The main reason can be due to the more
electro active sites on the ANF-C400/Cu and an enhanced catalytic activity in an
electrode/analyte interface.
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Figure 15. CVs of bare GCE (green), ANF-C700 (blue) and ANF-C400/Cu (red) in 0.1M phosphate
buffer (pH 6.0) containing 200uM EP, 100 uM AP, and 100 uM Trp at 10 mV s, Insets show linear
relationships between current and square root of scan rate for ANF-C400/Cu for different
analytes.

3.3.3 Electrochemical determination of bio analytes

Sensitivity and practical applications of the ANF-C modified electrodes were investigated
using differential pulse voltammetry due to its higher current sensitivity and better
resolution as compared to CV. Comparing ANF-C300 and ANF-C700 electrodes showed
that increase in the concentration of AA containing analyte results in an increase in
anodic peak currents corresponding to irreversible oxidation of hydroxyl groups to
carbonyl groups of the furan ring at higher concentrations of AA. Additionally, results
suggested that ANF-C700 electrode had superior electrocatalytic activity in terms of
sensitivity compared to ANF-C300 owing to its structural characteristics and enhanced
electrical conductivity of the graphitic foliates of ANF-C700. Then, ANF-C700 electrode
were challenged with the mixture analyte containing AA, DA and UA (Fig. 16a). Data
collected from ANF-C700 electrode showed superior response. Three well-defined
oxidation peaks at -30 mV, 170 mV and 300 mV were detected for AA, DA and UA,
respectively. The peak currents linearly depended on corresponding analyte
concentrations and described by the following calibration curves (Fig. 16b):

Jan (HA cm‘z) =1.99 Can + 68.10 (RZ =0.9908)

joa (MA cm‘z) =1.26 Cpa + 151.66 (RZ =0.9922)

jua (MA cm™) = 2.1644 Cya + 154.4 (R? = 0.9921)

Linear ranges were of 0.5 — 60 uM, 1-80 uM and 1-60 uM for AA, DA and UA,
respectively. Sensitivity for AA was 5.33 pA-uMt-cm™?, for DA was determined
6.58 pA-uMtcm? and UA calculated as 11.27 pA-uM™-cm™?, respectively;
demonstrating that very large specific surface area for the extraordinary electro catalytic
activities has been engaged in analyte/electrode interactions. Experimental detection
limit was calculated as 0.59, 0.47 and 0.28 uM (S/N = 3) for AA, DA and UA, respectively.
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Figure 16. a) DPV profiles measured at ANF-C700 in ternary mixture of AA, DA and UA, and
b) Variation of the DPV oxidation peak currents of AA, DA and UA against their concentration.

DPV data was collected for the ANF-C700 and ANF-C400/Cu electrodes in determining
EP, AP and Trp in ternary mixture by varying the concentration of one analyte while the
concentrations of the other two remained constant. Three distinct oxidation peaks
observed at the potentials of 0.244 V, 0.404 V and 0.678 V for EP, AP and Trp,
respectively. In all three cases, peak currents increased with increasing concentration of
the compound. Epinephrine peak currents vs concentration was linear in the range of
1 to 1200 pM in presence of 30 uM AP and 50 uM Trp, while the response of
acetaminophen and tryptophan remained almost unchanged (Fig. 17a). Corresponding
linear function was described as /, (LA) = 0.084Ce (LM) + 8.14 (R2= 0.9948).

Similar approach was performed for the acetaminophen in presence of 100 uM EP and
50 uM Trp (Fig. 17b). Increase in AP concentration from 1 to 700 uM resulted
to higher oxidation currents which was described as a calibration curve of
Io (LA) = 0.19 Cap (M) + 12.35 (R? = 0.9954).

Study was continued with Trp by addition of 100 uM EP and 30 uM AP. By increase in
concentration of Trp from 1 to 1000 uM, peak currents increased linearly (Fig. 17c).
Overall, results were plotted as a function of current vs concentration
Ip (MA) = 0.25 Crrp (UM) + 12.99 (R? = 0.9917).
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Figure 17. DPV profiles measured at ANF-C400/Cu in ternary mixture of EP, AP and Trp, individual
determination: a) -EP, b) -AP and c) -Trp in phosphate buffer (pH = 6.0) at a scan rate of 10 mV s,

Above results demonstrated highly selective properties of the modified samples in
which limit of detection were decreased as 0.027, 0.012 and 0.009 uM for EP, AP and
Trp, respectively (S/N = 3). Peak potential separation was also large enough to achieve
the simultaneous determination of three compounds in a solution.

3.3.4 Interface properties of sensors

Interface properties of the GCE, ANF-C700 and ANF-C400/Cu samples were investigated
using electrochemical impedance spectroscopy. Data obtained in lower and higher
frequency region and in a solution of 5 mM [Fe(CN)s]***~ containing 0.1 M KCI. Data were
fitted by modified Randle equivalent circuit as described in section 2.6.2 (Electrochemical
impedance spectroscopy).

Results for ANF-C700 showed smaller semicircle at high frequency region combined
with linear behaviour at low frequency region indicating that the process is diffusion
limited on ANF-C700 electrode (Fig. 18). Therefore, ANF-C700 with a faster kinetic of
charge-transfer and low R value of 10 Q, demonstrated excellent conductivity compared
to bare GCE (Rt = 1350 Q).

Electrochemical impedance data of the ANF-C700, and ANF-C400/Cu showed that R
value is low in synthesized samples as 45 Q and 10 Q for the ANF-C700 and
ANF-C400/Cu, respectively which is in a good agreement with the CV data justifying the

higher peak current (/pa) values for the copper modified electrode as compared to the
ANF-C700 and GCE electrode.
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Figure 18. Nyquist plot of EIS for ANF-C700, ANF-C400/Cu and GCE electrodes.

3.4 Performance characteristic of sensors
3.4.1 Stability and reproducibility of developed sensors

Stability and reproducibility of the sensors were validated by collecting known
concentrations of the AA and EP compounds and comparing with the collected data from
the measurements. Five successive measurements were performed in 10 days and CV
data were recorded for 7 mM AA and 500 uM EP in a 0.1 M of phosphate
buffer solution. After experiments, electrodes were washed with distilled water and
stored in dry room temperature as described in reference papers. Repeatable results
were obtained and the relative standard deviations (RSD) were less than 4 % for all the
challenged analytes indicating excellent stability and reproducibility of the
graphene-decorated alumina nanofibers in electrochemical applications.

3.4.2 Interference and reproducibility study

Anti-interference  ability of the developed sensors was studied using
chronoamperometry technique. In each set of measurements, common interfering ions
and physiological compounds such as ammonium chloride, FeCls, MgCl,, KCl, citric acid,
Na,S0O,, NaCl, and H,0, were added to the analyte in a way that the tolerance limit causes
approximately 5 % relative standard error in the determination (Fig. 19).
As discussed in published articles, signal changes in added compounds were negligible
and did not affect the results. In case of ANF-C400/Cu sensor, dopamine and uric acid
demonstrated some overlapping due to their similar structure with the examined
compounds and the close oxidation potentials. Thus, simultaneous determination of DA,
UA, EP, AP and Trp was not possible by using ANF-C400 deposited Cu electrode.

The repeatability of the sensors was investigated by collecting responses from 5
successive experiments towards the oxidations of target analytes in ANF-C700 and
ANF-C400/Cu sensors. Obtained data showed that fabricated sensor can successfully
detect target compounds with relative standard deviation of less than 3.2 %. The storage
stability and reusability of the ANF-C700 was verified by storing and reusing the sensor
for 10 consecutive days in room temperature (STD = 2.01 %). In case of ANF-C400/Cu, a
relative standard deviation of 2.9 % confirmed the excellent stability and reproducibility
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of the Cu decorated ANF-C400 electrode, which can be effectively used for analytical
investigations and determination of bio-analytes in aqueous solutions.
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4 CONCLUSIONS

Present work was concentrated on development of electrochemical sensors using
alumina — graphene hybrid material as the sensing material. Achieving the main goal of
the study, following conclusions can be drawn regarding the activities:

>

>

Synthesized hybrid sensor materials were thoroughly characterized by
physical (TEM, SEM and Raman spectroscopy) and electrochemical
techniques (CV, DPV, CA, EIS). They were additionally compared for their
catalytic activities and electrochemical responses;

For the first time, optimized hybrid sensor material was used for
simultaneous determination of ascorbic acid, dopamine and uric acid in
human urine. Concentration of each compound was successfully determined
and was calibrated in ternary mixture;

Powder preparation methods were optimized and effect of strong acids on
sensor was studied. Obtained results showed that acid treatment enhances
sensor parameters such as limit of detection;

Further sensing enhancement was successfully obtained by
electrodeposition of Cu nanoparticles on hybrid material functionalized
sensor;

For the first time, alumina — graphene hybrid material deposited Cu
nanoparticles were used for simultaneous determination of epinephrine,
acetaminophen and tryptophan in human urine. Linear calibration curves
were described in ternary mixture of compounds and very satisfactory limit
of detection achieved;

Above results were further enhanced by optimizing the sensor working
conditions such as pH values and adjustment of sweep rate.

To conclude the study, ANF-C martial with varied structural properties is an
appropriate candidate for analytical chemistry investigations and pharmaceutical
applications. Both ANF-C700 and ANF-C400/Cu sensor materials present a very good
stability and repeatability that makes them promising materials for simultaneous
determination of the biological molecules in different samples.
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Abstract
Alumina-graphene Hybrid materials for Electrochemical
Sensing of Bio-analytes

Since the successful exfoliation of graphene in 2004, two-dimensional materials have
been receiving great attention among research community due to extraordinary physical
and chemical properties related to specific effects at nano-scale such as, among others,
strong electro-catalytic activity, high electroactive area and low surface fouling.
Nowadays, graphene-based nanomaterials and graphenated structures are widely used
for electrochemical sensors, including biosensors, mainly due to their obvious
advantages over electrodes based on other materials.

On the other hand, in such a network, transition metals such as Cu can improve charge
and mass transfer resulting at better sensitivity due to its multiple oxidations and
increasing surface area. Copper-based nanomaterials have been successfully applied in
electrochemistry and used for determination of biomolecules such as H202 and glucose.
Thus, the hybrid alumina/graphene nanofibers modified by copper nanoparticles can be
interesting matrix for electrochemical applications for example chemo-sensors.

In the present study, novel and ultrasensitive electrode materials were prepared from
alumina nanofibers (ANF) by applying one-step chemical vapor deposition method.
Prepared material was carbonized and marked as ANF-C300 and ANF-C700 in this study.
Synthesized ANF-C300 and ANF-C700 materials were utilized to detect compounds of
great biomedical interest such as ascorbic acid (AA), dopamine (DA) and uric acid (UA).

Electron-transfer kinetics at the electrode | electrolyte interface was studied by
standard redox reaction of 5 mM ferri-ferrocyanide redox couple in 0.1 M KCI for
ANF-C300, ANF-C700 and glassy carbon electrode (GCE) as reference. Difference
between oxidation and reduction peak potentials for modified sample was 70 mV.
Calculated surface area of the ANF-C700 revealed that modified sample possesses much
higher electrochemical active surface than geometric surface area of GCE (0.106 cm2)
demonstrating the higher electrochemical activity of graphene modified electrode
compared to GCE.

Various electrochemical techniques such as cyclic voltammetry and differential pulse
voltammetry were performed to detect DA, UA in presence of AA. Obtained data
exhibited sharp and intense peak followed by well-separated oxidation peaks towards
the electro-oxidation of DA, UA, and AA. Linear relationship was observed between
current densities and concentrations of all three compounds, and the limits of detection
were down to 290, 250 and 1490 nM for DA, UA and AA, respectively. ANF-C700
electrode displayed a good reproducibility and stability and was successfully tested for
detection of DA, UA and AA in human urine samples.

Thereafter adjusted 3D structure of alumina nanofibers covered by multi-layered
graphene additionally was decorated by Cu nanoparticles. Obtained composite material
was successfully used for simultaneous determination of Epinephrine (EP),
Acetaminophen (AP) and Tryptophan (Trp) in phosphate buffer (pH = 6.0).

Analytical performance of the sensor was studied using electrochemical techniques
such as cyclic voltammetry, differential pulse voltammetry, chronoamperometry and
electrochemical impedance spectroscopy. Obtained sensor was further evaluated in
human urine sample and it was found that after the measurements the recovery of the
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sensitivity was very good. Collected data showed that calibration curves were linear and
detection limits were down to 0.027, 0.012 and 0.009 uM for EP, AP and Trp, respectively.
This study demonstrated the practical analytical utility of chemo-sensor based on
material ANF-C400/Cu for determination of EP, AP and Trp in real sample analysis,
without significant interferences.
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Kokkuvote
Alumiiniumoksiid-grafeenhiibriidmaterjalid biovedelike
elektrokeemiliseks tuvastamiseks

Kahedimensionaalsed materjalid on palvinud teadlaste kogukonnas suurt tdahelepanu
parast grafeeni edukat siinteesi 2004. aastal. Seda eelkdige materjalide nanomd6tmega
seotud erakordsete flilisikaliste ja keemiliste omaduste t6ttu, nagu korge
elektrokeemiline aktiivsus, vaga suur elektrokeemiliselt aktiivne pindala, pinna madal
tundlikkus saasteainete suhtes ja muud taolist. Tdnapdeval kasutatakse grafeenil
pohinevaid naomaterjale ja grafeeniga kaetud struktuure laialdaselt elektrokeemilistes
andurites, sealhulgas bioandurites, peamiselt ilmselgete eeliste tottu vorreldes teiste
elektroodmaterjalidega.

Teisest kiiljest vGivad sellistes struktuurides lleminekugrupi-metallid, nagu vask,
oluliselt kiirendada laengu- ja massililekannet, mille tulemusel paraneb
elektroodmaterjali tundlikkus, sest véimalik on mitmeetapiline okstideerumine ja kasvab
elektrokeemiliselt aktiivne pindala. Vasega legeeritud nanomaterjale on edukalt
kasutatud mitmetes elektrokeemilistes rakendustes, selliste biomolekulide nagu
vesinikperoksiid ja glikoos madramiseks biovedelikes. Seetdttu voib oletada, et vase
nanoosakestega modifitseeritud alumiiniumoksiid-grafeen nanokomposiidid on vaga
huvitavad struktuurid, mis voivad leida kasutust elektrokeemilistes rakendustes, naiteks
elektrokeemilistes andurites.

Doktorit6o raames valmistati uudsed ja darmiselt tundlikud
alumiiniumoksiidnanokiududel (ANF) baseeruvad elektroodmaterjalid kasutades
Uheetapilist keemilist aursadestamise meetodit. Valmistatud materjalid kaeti
nanosisinikuga — grafeeniga (ANF-C300 ja ANF-C700). Siinteesitud materjale kasutati
biomeditsiini seisukohast suurt huvi pakkuvate ihendite: askorbiinhape (AA), dopamiin
(DA) ja kusihape (UA) maaramiseks.

Alumiiniumoksiid-grfeenhiibriid materjalidest valmistatud elektroodidel ning
vordluseks klaassiisinikelektroodil kasutati laenguilekande elektrood-elektroliit
piirpinnal kineetika uurimiseks tavaparast 5 mM punase veresoola-kollase veresoola
redokspaari 0.1 M KCI lahuses. Modifitseeritud materjalide korral oli okslideerimise ja
redutseerimise piikide potentsiaalide erinevus 70 mV. Grafeeniga ANF C700
modifitseeritud materjali arvutuslik elektrokeemiliselt aktiivne pindala oli oluliselt
suurem, kui klaassusinikelektroodi geomeetriline pindala. See naitab, et grafeeniga
modifitseeritud elektroodimaterjalil oli oluliselt suurem elektrokeemiline aktiivsus
vorreldes klaassisinikelektroodiga.

Dopamiini ja kusihappe maaramiseks askorbiinhappe juuresolekul kasutati
mitmesuguseid elektrokeemilisi meetodeid, naiteks tsiklilist voltammeetriat,
diferentsiaal-impulssvoltammeetriat,  kronoamperomeetriat ja  elektrokeemilist
impedantsspektroskoopiat.  Voltammogrammidel tdheldati jarske ja  suure
intensiivsusega elektrookslidatsiooni piike, mis on hasti eristatavad. Uuritud kolme
Ghendi puhul sdltus méddetud voolutihedus lineaarselt kontsentratsioonist. Dopamiini,
kusi- ja askorbiinhappe tuvastustundlikus olid vastavalt 290, 250 ja 1490 nM. Grafeeniga
ANF C700 modifitseeritud materjalist valmistatud elektrood naitas head
reprodutseeritavust ja stabiilsust ning seda elektroodi kasutati edukalt uuritavate
Ghendite maaramiseks inimese uriini proovidest.
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Grafeeniga ANF C700 hibriidmaterjali siinteesimisel valmistati jargnevalt
mitmekihilise grafeeniga kaetud kolmemddtmeline alumiiniumoksiidnanokiudstruktuur,
millesse viidi lisaks ka vase nanoosakesed. Saadud nanokomposiitmaterjali kasutati
edukalt epinefriini, atsetaminofeeni ja triptofaani samaaegseks madramiseks
fosfaatpuhvris (pH = 6,0).

Hinnati anduri kaitumist inimese uriini proovides ja leiti, et anduri mddtmisjargse
tundlikkuse taastumine on vdga hea ning Uhendite vastavad piigid lahutuvad
biovedelikes vaga hasti. MG6tetulemused naitasid, et andurite kalibreerimiskéverad on
lineaarsed ning epinefriini, atsetaminofeeni ja triiptofaani tuvastuspiirid olid vastavalt
0,027; 0,012 ja 0,009 uM. Doktorito6s naidati, et alumiiniumoksiidgrafeenil ANF-C700/Cu
baseeruv kemoandur on praktikas kasutatav erinevate (ihendite analiutiliseks
madramiseks biovedelike tegelikes proovides.
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ARTICLE INFO ABSTRACT

Keywords: A highly selective electrochemical sensor representing alumina/graphene/Cu hybrid structure was fabricated by
Electrochemical sensor electrodeposition of copper nanoparticles on graphene encapsulated alumina nanofibers and was employed for
Graphene the simultaneous determination of epinephrine (EP), acetaminophen (AP) and r-tryptophan (Trp) with low in-
Differe‘ftial pulse voltammetry strumental detection limits (LOD) and wide linear ranges. Cyclic voltammetry, electrochemical impedance
:;:::;;n;ihe" spectroscopy, differential pulse voltammetry and chronoamperometry methods were used to study electro-
Tryptophan chemical properties of the developed electrode. Well-separated oxidation peaks and enhanced peak currents of

EP, AP, and Trp were observed owing to the superior conductivity of highly foliated multi-layered graphene and
the excellent catalytic activity of Cu nanoparticles. Specifically, the separation of anodic peak potentials for EP-
AP, AP-Trp and EP-Trp were 160, 274 and 434 mV vs. SCE, respectively. The peak currents linearly depended on
EP, AP and Trp concentrations in the range of 1-1200, 1-700 and 1-1000 uM with LOD of 0.027, 0.012 and
0.009 pM, respectively (Spk/m = 3). The chemically modified electrode was successfully challenged with some
interfering compounds and was evaluated in human urine sample for determination of EP, AP and Trp de-
monstrating outstanding stability and repeatability. Fabricated sensor is an appropriate candidate for the
pharmaceutical applications and clinical investigations.

1. Introduction

Since the successful exfoliation of graphene in 2004, two-dimen-
sional materials have been receiving great attention among research
community due to extraordinary physical and chemical properties re-
lated to specific effects at nano-scale such as, among others, strong
electro-catalytic activity, high electroactive area and low surface
fouling [1]. Nowadays, graphene based nanomaterials and graphenated
structures are widely used for electrochemical sensors, including bio-
sensors, mainly due to their obvious advantages over electrodes based
on other materials [2, 3]. For example, graphene-based electrodes have
shown superior performance in terms of electro catalytic activity [4]
and microscopic scale conductivity [5] than carbon nanotubes based
electrodes. Graphene exhibits a wide electrochemical potential window
of ca. 2.5V in 0.1 M phosphate buffer (pH 6.0), which is comparable to
that of graphite, glassy carbon (GC), and even boron-doped diamond
electrodes. Moreover, charge-transfer resistance on graphene as

determined from AC impedance spectra is much lower than that of
graphite and GC electrodes [6]. Recently, three-dimensional inter-
connected edge-exposed graphene nanostructures deposited onto
gamma-alumina nanofibers were used for the preparation of ultra-
sensitive electrode for simultaneous detection of bio-compounds such
as ascorbic acid, uric acid and dopamine [7, 8]. The sensor was suc-
cessfully applied to the simultaneous determination of DA and UA in
the presence of AA in a spiked urine sample demonstrating promising
results owing to highly corrugated structure and electrochemical active
area of the material.

On the other hand, transition metals such as Cu nano-particles (NP)
can further improve charge and mass transfer of the network of alu-
mina/graphene hybrid nanofibers resulting at better sensitivity due to
its multiple oxidation states and increasing surface area [9]. A large
number of reports have demonstrated that graphene-NP structures can
act synergistically to offer unique physicochemical properties that are
desirable and advantageous for sensing applications through enhancing
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an achievable sensitivity and selectivity. Copper as a low-cost earth
abundant transition metal has generated a great deal of interests due to
capability to undergo reactions through both one and two-electron
pathways, which makes them ideal candidates for electrodes used in
supercapacitors, lithium-ion batteries and gas sensors [10]. Moreover,
copper-based nanomaterials have been successfully applied in electro-
chemistry and used for determination of biomolecules, HO, and glu-
cose [11].

In common, the efficient electro catalyst should possess several key
characteristics such as low over-potential, high electro catalytic ac-
tivity, suitable stability, robustness, and cost-effective production route.
One of the ways for preparation of advanced Cu-based nanomaterials is
anchoring Cu NPs on a support of carbon-based network. The interac-
tions between the NPs and carbon may have profound effect on the
resulting physical and chemical properties of the system. For example,
Cu NPs on activated carbon efficiently catalyzed a range of reactions
without any pre-treatment [12]. Graphene-supported Cu NPs have been
synthesized using various methods. For instance, a modified glass
carbon electrode was produced out of graphene sheets adorned with Cu
NPs, which were synthesized by electrodepositing the nanoparticles on
the graphene [13].

Synthesis of nanostructured catalysts on a conducting substrate can
potentially improve the performance of the resultant material because
of large catalytic surface area and the synergistic effect between the
catalyst and the substrate. In this regard, three-dimensional highly
porous network of y-alumina nanofibers [14], encapsulated by foliated
graphene multi-layers [15, 16], can be advantageously utilized as
electrode substrates offering a large active surface area and a highly
conductive continuous porous 3D network. In this perspective, the de-
velopment and application of alumina/graphene/copper hybrid sensor
and its future prospects are discussed in the present study. In particular,
the focus is made on the simultaneous detection of epinephrine, acet-
aminophen and tryptophan.

Epinephrine (EP), also known as adrenalin, is an important hor-
mone and neurotransmitter in the central nervous system, which is
responsible for functioning of cardiovascular system and regulation of
blood pressure [17]. Therefore, medically EP has been considered as a
common healthcare medicine for emergency treatments. Elevated levels
of EP in nervous tissues and body fluids can lead to several diseases
such as pheochromocytoma, hypoglycemia and Parkinson's disease
[18].

Acetaminophen (N-acetyl-p-aminophenol, AP), commonly known as
paracetamol, is widely used to relieve chronic pain and fever. AP has
revealed an effective therapeutic potential in neuro-degenerative syn-
dromes such as Alzheimer's and Parkinson's disease [19]. The large
scale therapeutic use of AP has evidenced connection with the forma-
tion of some liver and nephrotoxic metabolites, which generated the
need for the development of fast, simple and accurate methodologies
for the detection of AP [20].

L-Tryptophan (Trp) is one of the essential amino acids for the human
body which is a precursor for niacin, serotonin (neurotransmitters) and
melatonin (neurohormones) [21]. This amino-acid cannot be synthe-
sized in the human body directly and, therefore, must be taken from
food and pharmaceutical formulas due to the scarce presence in vege-
tables. Recent studies indicate that inappropriate level of Trp in blood
can lead to schizophrenia and autism [22].

In this context, development of a simple, sensitive and selective
method to quantify EP, AP and Trp individually and simultaneously is
needed for the analytical application and diagnostic research. To date,
various techniques including spectrophotometry [23], high perfor-
mance liquid chromatography [24], chemiluminescence [25], fluoro-
metry [26] and electrochemical approaches have been developed for
determination of EP, AP and Trp compounds in bio-fluids. Among them,
the electrochemical techniques are attractive due to their ease of
monitoring, cost efficiency, accuracy and sensitivity [27]. To the best of
our knowledge, there are very few reports on simultaneous
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determination of EP, AP and Trp compounds using electrochemical
approaches. The major reason is their close oxidation potentials, which
overlap in conventional electrodes, causing fouling effect and weak
repeatability [15, 16].

In the present study and for the first time, an adjusted highly porous
3D nanostructure of foliated graphene augmented inorganic nanofibers
(GAIN) decorated by Cu nanoparticles and representing alumina/gra-
phene/copper hybrids was successfully used for simultaneous detection
of EP, AP and Trp in phosphate buffer (pH = 6.0). The analytical per-
formance of the sensor was further evaluated in a human urine sample.

2. Experimental
2.1. Chemicals and apparatus

All chemicals and reagents employed in this work were of analytical
grade from Sigma-Aldrich Chemie GmbH, Germany, unless otherwise
stated. The CuSO45H,0 was received from Fluka (Buchs, Switzerland),
and used as received. Stock solutions of EP, AP and Trp were prepared
daily by dissolving a suitable amount of reagents in a millipore water
(18.2 MQ-cm, Millipore water Ltd., USA). Phosphate buffer solution as a
water-based non-toxic solution was chosen for simulating physiological
condition and was prepared by mixing stock solutions of Na,HPO,,
NaH,PO, in a supporting electrolyte of 0.1 M KCl. Prior to the elec-
trochemical measurements, all solutions were deoxygenated with pur-
ging N, gas through the test cell for about 1 min.

The electrochemical measurements, including cyclic voltammetry
(CV), differential pulse voltammetry (DPV), electrochemical impedance
spectroscopy (EIS), and chronoamperometry (CA), were carried out
with an Autolab potentiostat/galvanostat PGSTAT30 in a conventional
three-electrode electrochemical system at a room temperature. A sa-
turated calomel electrode (SCE) and a Pt wire were employed as a re-
ference and a counter electrode, respectively. The working electrode
was a glassy carbon electrode coated with alumina/graphene nanofi-
bers decorated by Cu nanoparticles (NPs).

A digital pH meter (Precisa pH 900) was used for pH measurements
of the electrolyte. The morphological features of the synthesized ma-
terial were examined by scanning electron microscopy (SEM) using a
Zeiss HR FESEM Ultra 55 at operating voltage of 4 kV and transmission
electron microscopy TEM JEOL JEM-200FS.

2.2. Synthesis of the hybrids

The graphene augmented inorganic nanofibers with an average
single fiber diameter of 7 + 2 nm were synthesized with the help of a
direct catalyst-free chemical vapor deposition (CVD) of carbon onto the
dielectric surface of alumina nanofibers in a mixture of methane-hy-
drogen gases as detailed in [28-31]. The CVD process was performed
during 5h at 1000 °C under methane (CH4) and hydrogen (H,) flow of
200 cm® min~! and 100 cm®min~?, respectively, followed by rapid
cooling down to the room temperature under the nitrogen (N,) gas flow
of 2000 cm®min~?. Process of carbonization resulted in the carbon
weight gain of 400%. Thereafter, the graphene-augmented network
(GAIN) was immersed into 80 mL of the oxidizing mixture of H,SO4/
HNO; (3:1, v/v) at 70 °C for 48 h for purification of —COOH functio-
nalized material. The network was washed with distilled water and was
dried at 80 °C in a vacuum for 8 h. The —COOH modified material was
powdered using KM~ ball milling machine during 3 h and then treated
by Hielscher UP200Ht ultrasonic homogenizer for 20 min in 50 ml of
water.

Prior to modification, a bare GCE electrode of 5 mm in diameter was
thoroughly polished using 0.05 um alumina slurry (Buehler) to a mirror
finish. Then, electrode was sonicated in ethanol and double distilled
water for 5min and dried under N, gas flow.

A dispersion ink was prepared by suspending GAIN powder in
double distilled water/isopropanol (1:7, v/v) as described in author's



M. Taleb et al.

Journal of Electroanalytical Chemistry 823 (2018) 184-192

m 1346
2
= 1592
3
)
P 2687
Q
e
<
2025
T T T 1
0 500 1500 2500 3500

Raman shift [cm™"]

Fig. 1. (a) SEM image of the precursor GAINs; (b) - Raman spectrum of GAINs; and (c, d) HR-TEM images of the foliated hybrid nanostructures.

previous work [32]. The suspension was agitated in an ultrasonic bath
for 15 min for thorough wetting and dispersion. Then, Nafion® disper-
sion solution was added to the mixture and was sonicated for 30 min.
Thereafter, 10 pL of the ink was deposited onto the GCE surface and left
to dry at the room temperature.

The Cu NPs were electrochemically deposited onto the GCE mod-
ified GAIN surface by cycling the potential in the range between —0.1
to 0.4V vs. SCE in an electrolyte consisting of 0.1 M H,SO,4 and 0.01 M
Copper (II) sulfate pentahydrate salt (CuSO4.5H20) at a scan rate of
10mVs~?! for 10 cycles. The schematic representation of the hybrid
electrode preparation is shown in Fig. S1. The alumina/graphene/
copper hybrid modified electrode is denoted as GAIN/Cu in this work.

3. Results and discussion
3.1. Characterization of the hybrid electrodes

Fig. 1 demonstrates the SEM and TEM images of GAIN network,
which is composed of oxide ceramic nanofibers encapsulated by highly
foliated graphene with controllable density of the open edges. The
diameter of a single fiber after CVD processing and mechanical milling
is 45 = 5nm and the length is 2 = 1 pm; therefore, the aspect ratio of
the hybrid fibers may be considered as high enough and equal to
around 10°. The Raman spectrum of alumina/graphene hybrid is shown
in Fig. 1b. The spectrum includes a D-peak at approximately
1356 cm ™!, G-band at around 1592 cm ™", and 2D band at approxi-
mately 2687 cm ™. The D-band is a characteristic feature indicating
defectiveness of the structure. It can be caused by excitation of the
edges of graphene sheets and their random orientation [33]. The G-
band reflects sp? vibrations in the graphitic plane, which confirms the
presence of graphene sheets. Intense, well-defined 2D bands with re-
latively narrow width of full width at half maximum are peculiar for
few-layered graphene.
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Fig. 1a, c—d indicates the morphology of the graphenated fibers with
perpendicular grown foliates of various sizes and density of 40-60 per
micron length. In general, it can be expected that graphene-based
electrochemical sensors will have superior performance over other
carbon-related materials due to the presence of more sp*like planes and
edge defects presented at the foliated graphene. Taking into account the
interlayer spacing, Fig. 1d, which was roughly estimated to be
0.34-0.37nm, and a reported graphene monolayer thickness of
0.335-0.345 nm, an average number of the graphene layers on the core
ceramic is 10-15.

Fig. 2 shows morphology of GAIN decorated by Cu nanoparticles.
Copper NPs with an average diameter of 50 = 5nm (estimation from
100 nanoparticles) are dispersed on the external and inner walls of
graphene flakes, which provide an effective surface for electro catalytic
oxidation of EP, AP, and Trp. The energy-dispersive X-ray spectroscopy
(EDX) pattern displays the presence of C, Al, O and Cu elements on the
prepared electrode indicating the successful immobilization of Cu par-
ticles on the surface of GAIN.

Fig. 3 displays the CV responses of the GAIN and GAIN/Cu elec-
trodes in 5mM Fe(CN)¢>~74~ + 0.1M KCl solution. As shown in
Fig. 3a, b and S2, fabricated GAIN electrode exhibits well-defined vol-
tammetry waves, in which redox peak currents are linearly dependent
on the square root of the potential scan rate. Modification with Cu NPs
enhances the catalytic activity of the sensor confirmed by the pro-
nounced oxidation peak at 0.256 V and the reduction peak at 0.209V
suggesting that the GAIN/Cu owns faster electron transfer rate as
compared to both the GAIN and the bare GCE. This may contribute to
the superior electrical conductivity and enhanced electron transfer ki-
netics of the sensor. Additionally, it refers to a huge amount of the
electrochemically active sites on the surface of GAIN/Cu electrode. The
active surface area of the modified electrodes were estimated according
to the Randles-Sevcik equation and a slope of the I, vs. v'/2 plot for a
known concentration of Fe(CN)¢> ™74~ as discussed elsewhere [7]. The
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Ceramic nanofiber

Fig. 2. Scanning electron microscopy image of (a) GAIN modified glassy carbon electrode, (b) GAIN/Cu modified glassy carbon electrode, (c) EDX spectrum taken
from GAIN/Cu, and (d) schematic representation of the single graphenated fiber decorated by copper nanoparticles.

values obtained with the help of these procedures are 0.106, 0.330 and
0.553 cm? for the bare GCE, the GAIN and the GAIN/Cu, respectively.
These results express a promotional five-fold increase in the electro-
active area of the GAIN/Cu electrode as compared to the bare GCE.

The electrochemical impedance spectroscopy was employed to
study the electron transfer capability and interface features of the GCE,
GAIN, and GAIN/Cu electrode surface in 5mM L~ ! [Fe(CN)e]®> ™7/~ (as
the redox probe, Fig. 3c). The Nyquist plots were fitted with an
equivalent circuit Rg(CPE [R. Zy]), where R, referred to the electrolyte
resistance, R, is the charge transfer resistance, CPE is the constant
phase element, and Z,, is Warburg impedance coupled to R in
Nernstian diffusion (inset in Fig. 3c). The bare GCE with a very large
semicircle presents the biggest R, value of 1350 Q; however, this value
is decreased to 45 Q2 and 10 Q for the GAIN and GAIN/Cu, respectively;
implying that the modified electrodes can considerably facilitate elec-
tron transfer. The value of R, for the GAIN/Cu is the lowest among the
electrodes attributed to the large surface area and a synergistic effect
between Cu NPs and graphene flakes. These results are in a good
agreement with the CV data justifying the higher peak current (I,,)
values for the copper modified electrode as compared to the GAIN and
GCE.

An influence of pH on the anodic peak current and potentials of EP,
AP and Trp oxidation and reduction were investigated in phosphate
buffer solution by using cyclic voltammetry at various pH values ran-
ging between 4.0 and 9.0 at a scan rate of 50mVs~" (Fig. S3).

The results show that oxidation and reduction potentials were pH
dependent: an increase in analyte pH values shifted both anodic and
cathodic peaks to more negative values. This can be attributed to a
deprotonating step involved into all oxidation processes which is fa-
cilitated at the higher pH values [34]. Conditioned by the maximum
current obtained for all species, the pH value of 6.0 was chosen for the
further experiments. At this pH, EP, AP and Trp are positively charged;
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therefore, an electrostatic attraction facilitates their movement towards
the GAIN/Cu electrode surface. Immobilized Cu nano particles (Cu) on
the GAIN electrode surface are oxidized to Cu® and cupric copper
(Cu®™) with the concomitant generation of hydrogen peroxide (H,0,),
which is the precursor of hydroxyl radicals ((OH) and superoxide anions
(027) [351:

2Cu + O, + 2H,0 — 2Cu(l) + H,0, + 20H™ (€8]
Cu + O, + 2H,0 — Cu(Il) + H,0, + 20H- (2)
Cu(l) + H* + H,0, —» Cu(Il) + -:OH + H,0 (€]
Cu(Il) + H,0, —» Cu(l) + -O; + 2H* (@)

It was shown that ‘OH and -O,  radicals facilitate the oxidative
process of EP, AP and Trp in acidic media [35, 36]; therefor, presence of
Cu is in favor of the reactions and catalyze the reaction.

3.2. Electrocatalytic oxidation of EP, AP and Trp

The electrochemical behavior of EP, AP and Trp was studied using
the cyclic voltammetry method at the bare GCE, GAIN and GAIN/Cu
modified electrodes at the potential range between —0.1 to 1.0V vs.
SCE with a scan rate of 10mVs ™! in 0.1 M phosphate buffer (pH = 6).
As shown in Supplementary data (Fig. S4), the voltammetry responses
of individual EP (200 uM), AP (100 uM) and Trp (100 pM) represent the
broad oxidation waves on the bare GCE electrode demonstrating a weak
and sluggish electron transfer rate. However, under the identical con-
ditions, a substantial improvement appeared in the redox peak currents
for oxidation of three species due to the possibility of s-w interaction
between the aromatic ring of EP, AP, Trp and the GAIN electrodes.

A higher anodic peak current combined with a lower overpotential
for the oxidation of EP, AP and Trp spices on the GAIN/Cu electrode
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electrodes.

indicates that the rate of an electron transfer can be accelerated by
deposition of the Cu NPs on the GAIN structure leading to an excellent
electrocatalytic activity and an improved performance of the electrode.
Noticeable enhancement in an individual determination of EP, AP and
Trp on the GAIN/Cu electrode can be attributed to the large electro-
active surface area and the improved electron transfer process in the
presence of Cu NPs. The interaction of EP (200 uM) and Trp (100 uM)
on the surface of the GAIN/Cu electrode resulted in well-defined oxi-
dation peaks at 0.26 V and 0.66 V, respectively (Fig. S4a, c). In case of
AP (100 uM), a redox pair is observed at 0.43 V and 0.36 V ascribed as
the oxidation and reduction of AP, respectively (Fig. S4b). Additionally,
two deserted peaks are observed at 0.12 and 0.04V attributed to the
oxidation and reduction reaction of Cu NPs, which can be traced in all
recorded CVs. This observation indirectly confirms the presence of
copper on the electrode.

The mechanism of electrochemical oxidation of EP, AP and Trp was
discussed in number of studies, but it was not clearly established [37,
38]. Despite the number of questions regarding the pathways, two
different processes can be proposed for EP oxidation: the ECC me-
chanism (electron transfer-chemical reaction—chemical reaction) and
the ECE mechanism (electron transfer-chemical reaction—electron
transfer). Our results suggest that ECE mechanism is more likely to
happen for EP on GAIN/Cu electrode. Meanwhile, the electro-catalytic
mechanism for the oxidation of AP and Trp on the GAIN/Cu electrode
can be elucidated as illustrated in Fig. 4 [34].
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Fig. 4. Electrochemical oxidation of EP, AP, and Trp at GAIN/Cu.

The CV curves of ternary mixture of EP, AP and Trp at the different
electrodes in phosphate buffer are demonstrated in Fig. 5. The vol-
tammetric response of EP, AP and Trp is not detectable on the bare
GCE; however, for both the GAIN and GAIN/Cu the distinct peaks at
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Fig. 5. CVs of bare GCE (green), GAIN (blue) and

GAIN/Cu (red) in 0.1 M phosphate buffer (pH 6.0)
containing 200 uM EP, 100 uM AP, and 100 pM Trp
at 10mVs~ . Insets show linear relationships be-
tween current and square root of scan rate for GAIN/
Cu for different analytes. (For interpretation of the

references to color in this figure legend, the reader is
referred to the web version of this article.)
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0.244V, 0.444 V and 0.709 V attributed to oxidation of EP, AP and Trp,
respectively, are clearly recognized. The peak currents obtained for the
oxidation of reactant species are substantially enhanced and shifted
towards more positive potential values on the GAIN/Cu as compared to
the GAIN. This can be explained by a high electro activity of Cu sites
and an enhanced catalytic activity in an electrode/analyte interface.
The defected redox shoulders of Cu nanoparticles are observed at 0.48 V
(reduction) and 0.126 V (oxidation).

The effect of scan rate was studied in a phosphate buffer (pH = 6.0)
containing 200 puM EP, 100 uM of AP and 100 pM Trp on the GAIN/Cu
electrode surface. Cyclic voltammetry data revealed that the oxidation
peak potentials of EP, AP and Trp shifted to more positive values with
increase in the potential scan rate confirming the kinetic limitation of
the electrochemical reaction. Plots of the electro catalytic peak currents
(I,) against the square root of potential scan rates (v'/?) are found to be
linear (insets in Fig. 5) indicating that at sufficient overpotential, the
process of electro catalytic oxidations is rather controlled by diffusion
than adsorption of the electroactive species. The linear regression
equations for EP, AP, and Trp were expressed as EP: I;,(0x) = 2540.2 'ed
2167.41  (R*=0.9959), AP: I ox) =2937.1 v/*237.56
(R* = 0.9939), Trp: I,(0x) = 2760.7 v'/?>7148.36 (R* = 0.9883), re-
spectively. The allegiance between currents and v /2 implies the
electrochemical activity of the immobilized copper on the surface of the
modified GCE.

3.3. Selective determination of EP, AP and Trp on the GAIN/cu

Differential pulse voltammetry (DPV) technique was employed for
characterization of the GAIN/Cu electrode in EP, AP and Trp due to its
higher current sensitivity and better resolution as compared to CV. In
ternary mixture of EP, AP and Trp, the electro-oxidation processes were
examined by varying the concentration of one analyte while the con-
centrations of the other two remained constant (Fig. 6). Three distinct
peaks appeared at 0.244V, 0.404V and 0.678 V for EP, AP and Trp,
respectively. In case of epinephrine, the peak current increased with
increasing concentration from 1 to 1200 pM in the presence of 30 uM
AP and 50 uM Trp, while the response of acetaminophen and trypto-
phan remained almost unchanged (Fig. 6a). The corresponding linear
function can be approximated by I,(HA) = 0.084Cgp (M) + 8.14 with
a coefficient of correlation R? = 0.9948 (inset in Fig. 6a).

Similarly, various concentrations of acetaminophen containing
100 pM EP and 50 pM Trp were tested by DPV and no obvious change
was observed in the signal of EP and Trp. An increase in AP
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concentration from 1 to 700 uM resulted in a linear enhancement in the
peak currents, which can be described as I, (UA) =0.19 Cup
(uM) + 12.35 with a coefficient of correlation R = 0.9954 (inset of
Fig. 6b). Additionally, the effect of EP and AP was examined in various
concentrations of Trp involving 100 uM EP and 30 uM AP, Fig. 6¢. The
peak current of Trp increased with an increase in concentration of Trp
in the range from 1 to 1000 uM and the linear regression equation was
expressed as I, (UA) = 0.25 Cry, (UM) + 12.99 with a coefficient of
correlation R? = 0.9917 (inset in Fig. 6¢).

The results indicated that the peak current at GAIN/Cu is highly
selective at the physiological concentrations of EP, AP and Trp. The
lowest instrumental detection limits are deducted as 0.027, 0.012 and
0.009 uM for EP, AP and Trp, respectively, based on 3Sy/m, where Sy
is the standard deviation of the blank signal and m is the analytical
sensitivity represented by the slope of the calibration curve. Peak se-
paration is large enough to achieve the simultaneous determination of
three compounds in a solution.

The analytical characteristics of the developed GAIN/Cu electrode
are compared with those of other reported different chemically mod-
ified electrodes in Table 1. There are only a few reports on exploitation
of the electrochemical approaches for simultaneous determination of
acetaminophen, epinephrine, and tryptophan. However, the GAIN/Cu
electrode demonstrates either improved or comparable analytical per-
formance as compared to other sensors [34, 37, 39]. The proposed
GAIN/Cu electrode produced with the help of the time- and cost-ef-
fective method can effectively separate the peak potentials of the EP,
AP, and Trp in the ternary mixture in contrast to the electrodes, which
require complicated approaches for synthesis [38, 40, 41]. Therefore,
the GAIN/Cu material with a very low LOD and wide linear response
ranges can be considered as a promising sensor for medical and phar-
maceutical applications.

3.4. Interference, repeatability and stability

In order to evaluate the anti-interference ability of the developed
GAIN/Cu sensor, several compounds and ions from common co-existing
substances in the physiological samples were selected and were probed
by CA method at a potential of 0.2V. The tolerance limit was con-
sidered as the maximum concentration of each interference, when
causes approximately = 5% relative error in the determination. As
validated in Fig. 7, EP, AP and Trp demonstrate clear signals; however,
no significant interference was observed for the ions and physiological
interferences such as ammonium chloride, FeCl;, MgCl,, KCl, Na;SOy,
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Fig. 6. DPV profiles measured at GAIN/Cu in ternary mixture of EP, AP and
Trp, individual determination of (a) EP, (b) AP and (c) Trp in phosphate buffer
(pH = 6.0) at a scan rate of 10mVs™".
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Fig. 7. Amperometric responses of GAIN/Cu upon successive addition of 20 uM
EP, AP and Trp, and other chemicals to 0.1 M phosphate buffer (pH = 6.0).

NaCl, Urea, Glucose and H,0,. In this experiment, dopamine and uric
acid exhibit some overlapping due to their similar structure with the
examined compounds and the close oxidation potentials. The repeat-
ability of the sensor was evaluated by collecting responses from 5
successive experiments towards the oxidations of 1 uM EP, AP, and Trp.
The results showed a good repeatability with a relative standard de-
viation of 2.5%, 3.2% and 2.5% for EP, AP and Trp, respectively. RSD
values at the center of each linear range deviated + 8% from the above
values. Between sensor standard deviation was calculated from the DPV
data of the ternary mixture of Ep (100 uM), Ap (30 pM) and Trp (25 pM)
as 2.9%, 2.2%, and 2.6%, respectively. The storage stability and reu-
sability of the fabricated sensor was verified by keeping it unused at the
room temperature for 10 days and then tested with 500 uM EP in the
phosphate buffer. A relative standard deviation of 2.9% of the peak
current response was detected at the GAIN/Cu electrode.

3.5. Real samples analysis

Analytical applicability and accuracy of the GAIN/Cu modified
electrode were validated by determining different concentrations of EP,
AP, and Trp in a human urine sample using the standard addition
method. Urine samples were collected from healthy people in lab and
were analyzed for possible traces of Ep, Ap and Trp. Thereafter, samples
were diluted 50 folds with the phosphate buffer to prevent the matrix
effect of authentic samples. Thus, different concentrations of EP, AP,
and Trp were spiked to the solution and analyzed using the DPV
technique. Table 2 summarizes the results demonstrating recoveries in
the range of 97-102% (RSD % = 0.84-2.85) and a considerable accu-
racy the GAIN/Cu electrode. Therefore, the developed sensor can be
effectively used for the simultaneous determination of EP, AP, and Trp
in the real samples.

Table 1

Comparison of different chemically modified electrodes for the simultaneous detection of EP, AP and Trp.
Electrode Peak separations (mV) Linear range (uM) Detection limit (LOD) (uM) Refs.

AE;," AE," AEz" EP AP Trp EP AP Trp

Fe03(0.5)/sn02(0.5-GCE 160 280 440 0.6-270.0 4.5-876.0 0.6-70.0 0.07 0.2 0.1 [34]
IMWCNT-GCE 192 324 516 1.3-833.3 136.4-500.0 227.3-833.3 0.38 - - [37]
OMC/GCE 200 - - 4.0-100 0.2-15.0 - 0.94 0.07 - [38]
Ni-LFORCPE 364 313 677 7-560 5-580 4-560 0.45 0.27 0.38 [39]
DHPB-MWCNTPE - 250 - - 0.6-452 0.7-270.0 - 0.3 0.4 [40]
Au-NPs/poly(NDI)/GCE 210 190 400 0.01-680 0.05-498 3-632 0.009 0.005 0.09 [41]
GAIN/Cu 160 274 434 1-1200 1-700 1-1000 0.027 0.012 0.009 (This work)

2 Ey, E,, E3 are peak potential separations of EP-AP, AP-Trp, EP-Trp.
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Table 2

Determination results of EP, AP and Trp in real urine samples.
Sample  Compound  Added (uM)  Found (uM)  Recovery (%)  RSD (%)
Urine 1 EP 1 0.96 96 4.96
Urine 2 EP 25 24.75 99 1.00
Urine 3 EP 60 61.39 102 1.71
Urine 4 EP 100 99.96 100 0.97
Urine 5 EP 1200 1245.05 104 3.68
Urine 1 AP 1 0.95 95 4.06
Urine 2 AP 25 24.30 97 2.85
Urine 3 AP 60 60.99 102 0.84
Urine 4 AP 100 99.22 99 1.13
Urine 5 AP 700 669.02 96 3.92
Urine 1 Trp 1 1.04 104 3.81
Urine 2 Trp 25 25.35 101 1.89
Urine 3 Trp 60 60.25 100 1.86
Urine 4 Trp 100 97.58 98 0.96
Urine 5 Trp 1000 1051.12 105 3.80

4. Conclusions

The developed material representing the graphene augmented na-
nofibers and decorated by copper nanoparticles (GAIN/Cu) displayed
excellent electrochemical sensing capabilities without any post-transfer
procedures or any further surface treatment. The direct one-stage cat-
alyst-free growth of graphene nano-foliates forming a network of highly
fuzzy graphenated nanofibers is exploited for preparation of the sensor
for the simultaneous and highly sensitive determination of EP, AP and
Trp. The CV and DPV examinations demonstrated synergistic effects of
graphene- Cu nanoparticle hybrid structures on overall performance of
the electrode by means of an improvement in electron transfer effi-
ciency, enhancement of the selectivity and an increase in electro cata-
lytic activity towards EP, AP and Trp in their individual and simulta-
neous determination. The collected data demonstrated the linear
calibration curves and the outstanding instrumental detection limits of
0.027, 0.012 and 0.009 uM for EP, AP and Trp, respectively. This study
validated the practical analytical utility of the GAIN/Cu chemo-sensor
for determination of EP, AP and Trp in a real samples analysis, without
any significant interference with other species. In our perception, the
GAIN/Cu electrochemical sensor with a good stability and repeatability
can be an appropriate candidate for the pharmaceutical applications
and clinical investigations.
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Abstract The authors describe the fabrication of an intercon-
nected edge-exposed graphene nanostructure via chemical va-
por deposition (CVD) of foliated graphene onto a network of
alumina nanofibers. The fibers such obtained are shown to
enable ultra-sensitive voltammetric determination of dopa-
mine (DA), uric acid (UA) and ascorbic acid (AA). The elec-
trode displays powerful and persistent electro oxidative be-
havior and excellent electron transport properties. Cyclic volt-
ammetry and differential pulse voltammetry demonstrate ex-
cellent selectively and sensitivity for AA, DA and UA, with
typical peaks at —0.08 V, +0.19 V, and +0.34 V (vs. SCE),
respectively. Under optimum conditions, the calibration plots
are linear in the 1-80 pM range for DA, in the 1-60 pM range
for UA, and in the 0.5-60 puM range for UA, with detection
limits of 0.47 uM, 0.28 uM and 0.59 pM, respectively. The
sensor was successfully applied to the simultaneous determi-
nation of DA and UA in the presence of AA in spiked urine
sample.
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Introduction

Dopamine (DA), uric acid (UA) and ascorbic acid (AA)
are compounds of a great biomedical interest, which play
a fundamental role in human metabolism. DA is recog-
nized as one of the best-known neurotransmitters with
wide variety of proved functions controlling central ner-
vous, cardiovascular, renal and hormonal systems.
Abnormal concentration level of DA may cause several
diseases including schizophrenia and Parkinson’s disease
[1]. Uric acid (UA) is a physiologically important hydro-
philic antioxidant and the primary end-product of purine
metabolism that can be found in in different concentra-
tions in urine and human blood plasma. The abnormal
concentration level of UA may indicate spreading cancer,
hyperuricemia, gout, Lesch—Nyhan syndrome, rhabdomy-
olysis and Fanconi syndrome [2]. Ascorbic acid (AA) is
another important water-soluble component that is present
in many biological fluids and pharmaceuticals. AA plays
a crucial role for the clinical applications for prevention
and treatment of common cold, mental illness, infertility,
cancer and AIDS [3]. As significant molecules for phys-
iological processes in living systems, AA, DA and UA
usually coexist in biological fluids such as human body.
Therefore, selective and sensitive determination of these
molecules are in great deal of attention.

A wide variety of instrumental techniques has been
employed for selective determination of these compounds.
Among them, there are high-performance chromatography
[4], spectrophotometry [5], liquid chromatography [6], gas
chromatography [7] and solid phase micro-extraction coupled
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to LC-UV diode array [8]. However, most of the reported
methods suffer from several drawbacks including but not lim-
ited by high price and requirement for pretreatment of sam-
ples. Moreover, just a few of them can efficiently be used for
simultaneous determination of DA, UA and AA [9].
Therefore, the development of simple, cost-effective, fast, sta-
ble, and sensitive sensors for simultaneous analysis of these
three analytes is still a great challenge.

In the past few decades, the electrochemical methods have
been recognized as rapid, simple and selective approaches for
detection of small biological molecules [10, 11]. However, se-
lectivity and sensitivity of dopamine in the presence of other
electroactive interfering species such as uric and ascorbic acids
is still an issue. These small biomolecules usually oxidized at
nearly the same potential with poor sensitivity at conventional
electrodes. To overcome this problem, a wide variety of elec-
trode materials, such as platinum, gold, and silver electrodes,
metal alloys and metal-nanoparticles based electrodes,
conducting polymers, and organic redox mediators modified
clectrodes were extensively studied [12]. In last decade,
carbon-based nanomaterials, such as carbon nanofiber, multi-
walled carbon nanotube, and graphene sheets have been con-
sidered as attractive materials in the design of novel sensors
owing to their wide potential window, high electro catalytic
activity, large electrochemically active surface area, and supe-
rior conductivity [13]. There are several reviews available that
consider applications of graphene and graphene oxide in elec-
troanalytical chemistry [14]. Metal oxide nanoparticles depos-
ited onto graphene oxide sheets have received extensive atten-
tion in analytics due to their advantages of good biocompati-
bility, easy manufacturability, high adsorption and catalytic ac-
tivity. However, despite the considerable advances in the field,
much effort remains to be devoted to facilitating the practical
applications of functional graphene nanocomposite and broad-
ening the scope of their electrochemical and bio-sensing [14].

In the present study, for the first time a network of nano-
scaled oxide ceramic fibers of 10 nm in diameter and several
centimeters in length decorated by a few layers of highly fo-
liated graphene, which was grown on the fibers by means of
chemical vapor deposition technique (CVD) [15-17], was
used for simultaneous determination of DA, UA, and AA. A
novel strategy for synthesis of hybrid metal oxide — graphene
nanocomposite of finely controlled architectures was devel-
oped by the authors [15-17]. Herein, the electrochemical re-
sponse of the material representing graphene with a high edge
density on the sidewalls of multi-layered graphene wraps
around alumina nanofibers was studied towards simultaneous
and sensitive analysis of three bio-analytes using cyclic volt-
ammetry and differential pulse voltammetry methods.
Furthermore, analytical performance of the sensor was suc-
cessfully evaluated in human urine samples and very satisfac-
tory result obtained for the detection of DA in the presence of
UA and AA.

@ Springer

Experimental
Reagents and apparatus

All reagents and chemicals were of analytical grade and used
as received without any further purification. DA, UA and AA
were purchased from Sigma-Aldrich Chemie GmbH (http:/
www.sigmaaldrich.com), and all corresponding solutions
were freshly prepared prior to use. The electrochemistry
measurements were performed using a standard phosphate
buffer of pH 7.0 which was prepared immediately prior to
experiments by mixing stock solutions of Na,HPOy,,
NaH,PO,4 and 0.1 M KCI (http://www.sigmaaldrich.com) as
the supporting electrolyte. Millipore water (18.2 M{Q-cm,
Millipore water Ltd., USA, www.millipore.com) was used
for preparation of aqueous solutions and throughout the
whole experiments.

All the electrochemical and sensing measurements were
carried out with a potentiostat/ galvanostat (Autolab
PGSTAT30, http://www.ecochemie.nl) at a room
temperature. Electrochemical cyclic voltammetry (CV),
differential pulse voltammetry (DPV) and electrochemical im-
pedance spectroscopy (EIS) were performed using a conven-
tional three-electrode electrochemical cell, which contained a
modified electrode as the working electrode with a diameter of
5 mm, a platinum counter electrode and a saturated calomel
reference electrode (SCE). The cyclic voltammograms were
recorded by immersing of the working electrode in phosphate
buffer with volume of 30 mL. All solutions were deoxygen-
ated by purging with high purity nitrogen gas (99.999%) for
1 min. The CVs were recorded in the potential range from —0.
3t0 1.0 V (vs. SCE). All the potentials given in this work were
reported with respect to the saturated calomel reference elec-
trode (SCE).

The morphology of the hybrid nanocomposite fibers used
for electrode preparation were examined using a transmission
electron microscope (HRTEM JEOL 2200-S, Japan) and a
scanning electron microscope (Zeiss Ultra with an Oxford
instruments EDX detector (www.zeiss.com) equipped with
an energy dispersive X-ray spectrometer.

Preparation of graphene covered ceramic nanofibers

The graphene layers were grown on a surface of highly-
aligned alumina (y-Al,O3) nanofibers [18] along the longitu-
dinal axis by means of a single step catalyst-free CVD tech-
nique in a tube furnace at the temperature of 1000 °C. Prior the
processing, a bundle of alumina nanofibers was annealed in an
air atmosphere for 3 min. Thereafter, a gas flow replaced with
nitrogen (N,) for 5 min and further the process continued in
methane (CH,) under the flow rate of 200 cm® min! at atmo-
spheric pressure. Based on screening experiments and key
factors such as deposition time and the total gas flow rate,
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carbonization process continued for 2 h to reach the carbon
weight gain of 700% [17, 19]. After the complete reaction
time, the prepared specimens, further denoted as ANF-C700,
were cooled down to the room temperature in a nitrogen gas
flow. The ANF-C700 represents alumina nanofibers of 10 nm
in diameter encapsulated by highly damaged multi-layers of
foliated graphene. Thereafter, fibers modified by several car-
bon layers were additionally treated using a Hielscher
UP400S ultrasonic processor with a power of 200 watts for
15 min before being employed as working electrodes.

Fabrication of the sensor

Glassy carbon was chosen for a substrate because of its wide
potential window with low background currents and chem-
ical stability. Prior modification, a glassy carbon electrode
(GCE) pressed into a Teflon holder of 5 mm in diameter was
polished to a mirror finish using 0.05 um alumina slurry
(Buehler) followed by thoroughly rinsing with Millipore wa-
ter and treated with ultrasound for 3 min to remove adsorbed
substances from the surface. Subsequently, the GCE elec-
trode dried in a stream of nitrogen gas. An electrode modi-
fier ink was prepared (as described in author’s previous
work [20]) by mixing 5 mg ANF-C700, 25 uL isopropanol,
178 pL Millipore water, and 5 pL Nafion® dispersion so-
lution (5 wt.%) under sonication for 30 min. The working
electrode prepared by spin-casting of modifier ink onto the
GCE and dried in room temperature (Fig. S1).

Results and discussion
Characterization of graphenated nanofibers

The SEM and TEM techniques were applied to study the
morphology of ANF-C700 hybrid nanofibers (Fig. 1). The
images clearly show the presence of foliates homogeneously
distributed along the fibers, which is favorable for electron
transfer processes. A single fiber diameter in an array of
self-oriented alumina nanofibers (ANF) was 10 + 2 nm and
a fraction of open well-aligned porosity was over 90% with an
average channel size of 20 nm (Fig. S2). The Raman spectra
data collected for ANF-C700 material presented a strong G
and D band peak at around 1346, 1593 cm ! indicating for-
mation of nanocrystalline structure of the carbon deposited
onto the fibers. Additional peaks at 2685 and 2929 cm™!
interpreted as 2D, D + D', respectively, are characteristic for
multi-layered graphene (Fig. S3). X-ray photoelectron spec-
trum data showed 99% of carbon and 1 % of oxygen as resid-
ual mark of substrate. The C 1 s spectra interpretations indi-
cated 69% of trigonally bonded carbon, 14% of tetrahedrally
bonded carbon, 12% of C — O/C = O, and C = OOH groups
and 7 — 7v* shake-up peaks as 5% in sum. ANF-C700 XPS

analysis and comparison with lower carbon amount samples
can be found in [15]. The detailed characterization of physical
properties and surface morphology of the ANF-C700 material
is given in the authors previous works and can be found else-
where [15-17, 19].

Electrochemical behavior

In authors’ previous work [21], electrochemical properties and
kinetics of electrons transfer of the constructed electrode was
studied through the redox reaction of 5 mM Fe(CN)(,H “in
0.1 M KCI. The results for the ANF-C700 electrode demon-
strated the well-defined voltammetry waves, in which oxida-
tion and reduction peak currents showed linear dependence on
the square root of a potential scan rate indicating a semi-
infinite diffusion-controlled reaction at the electrode/solution
interface [22]. The electroactive surface area of the ANF-
C700 sample estimated through voltammetry experiments to
be 0.426 cm? that almost four fold higher than the bare GCE
(0.106 cm?) providing more electroactive sites for the analyte/
electrode interaction.

To study the interface properties of the ANF-C700 and bare
GCE, electrochemical impedance spectroscopy data were col-
lected in a solution of 5 mM [Fe(CN)s]* ">~ containing 0.1 M
KCI (Fig. 11). By fitting the data using the modified Randle
equivalent circuit (inset of Fig. 1f), the electron transfers re-
sistance values (R,) obtained as 10 for ANF-C700 and 1350
Q) for bare GCE. The considerably smaller semicircle at high
frequency region and linear behavior at low frequency region
for ANF-C700 electrode indicated a diffusion limited process
with a faster kinetic of charge-transfer compared to bare GCE.
Results demonstrated that graphene flakes connected to ce-
ramic core on ANF-C700 material, possess excellent conduc-
tivity and can accelerate electron transfers.

Cyclic voltammetric behaviour of DA, UA and AA
on the modified electrode

The CV responses of | mM DA, | mM UA, 5 mM AA and
ternary mixture of the DA, UA and AA solutions are shown in
Fig. 2. Dominantly, the pronounced oxidation peaks appeared
at the peak potentials of =70 mV, 210 mV and 320 mV for AA,
DA and UA, respectively. The oxidation potential of AA is
negatively shifted about 240 mV as compared to the peak po-
tential at bare GCE due to the formation of hydrogen bonds
between lactone bonds of AA and remaining carboxyl of ANF-
C700. This phenomenon activates the hydroxyl in the furan
nucleus of AA [23]. Such a large negative shift indicates that
AA easily oxidizes at ANF-C700 also enabling determination
of three (AA, DA and UA) species simultaneously, which have
the close oxidation potentials (Fig. 2a). For dopamine, the re-
dox peaks with enhanced currents were observed at the peak
potentials of 130 mV and 210 mV, corresponding to the two
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Fig. 1 SEM images of alumina nanofibers covered by carbon ANF-
C700 (a) as grown, (b) dispersed by ultrasound, (¢) magnified specimens,
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electrons oxidation of DA to o-dopaminequinone and subse-
quent reduction of o-dopaminequinone to DA, respectively
[24]. Separation between the oxidation and reduction peaks
for dopamine is about 80 mV and the peak current is six fold
higher as compared to bare GCE (0.12 mA cm %), suggesting
an excellent electrocatalytic behavior of ANF-C700 modified
electrode towards dopamine (Fig. 2b). For uric acid, the well-
defined oxidation peak is found at 320 mV; however, a very
weak reduction peak is observed at 280 mV. The oxidation
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peak current is 6.8 times higher than the corresponding peak
at bare GCE surface indicating considerable electro catalytic
activity of ANF-C700 toward UA (Fig. 2¢). The CV response
recorded for the ternary mixture solution of AA, DA and UA is
presented in Fig. 2d. Three clearly separated oxidation peaks
appear at —80 mV, 190 mV and 340 mV for AA, DA and UA,
respectively. Positions of the peaks keep unchanged with refer-
ence to the peaks recorded for individually examined analytes
by voltammetry indicating the selectivity and viability of the

. 18 18
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modified electrode to the simultaneous detection of three com-
ponents under consideration. The larger oxidation potential
separations combined with the enhanced peak currents at
ANF-C700 modified electrode as compared to the oxidation
peaks of AA, DA and UA at the GCE surface is evidenced in
Table 1. Moreover, the results of cyclic voltammetry demon-
strate excellent electro catalytic activities of ANF-C700 toward
the oxidation of DA in the presence of UA and AA, which
originates from the unique structural features as well as elec-
trochemical properties of ANF-C700.

Optimization of method

In order to achieve the optimum results, the following pa-
rameters were optimized in experiments: (a) pH value of
analyte; and (b) effect of the scan rate. The respective data
and figures are presented in the electronic supporting mate-
rial (Fig. S4). The following experimental conditions were
found to provide the best results: (a) in the pH range of 5.0—
9.0; use of a phosphate buffer; pH of 7.0; (b) a scan rate of
10 mVs ™! (the peak currents are linearly dependent on the
square root of the scan rate).

Determination of DA, UA and AA on the ANF-C700
by differential pulse voltammetry

Individual as well as simultaneous detection of AA, DA and
UA on the ANF-C700 modified electrode was carried out with

the help of differential pulse voltammetry (DPV) technique in
order to obtain a better peak resolution and a higher sensitivity.
As discussed in section 3.3, the bare GCE shows the oxidation
peaks with very low currents that originated from sluggish
electron transfer kinetic of the reactions. However, DPV data
on the ANF-C700 modified electrode represents a consider-
able catalytic activity reflected by the sharp and well-defined
oxidation peaks towards both individual biomolecules and
mixture of AA, DA and UA indicating that ANF-C700 sur-
face can effectively facilitate the electron transfers involved in
an oxidation processes. The oxidation peak currents linearly
increases with increase in analyte concentration providing the
ability to determine the individual concentrations of AA, DA,
and UA, Fig. 3. In case of AA, enhancement in the peak
currents originates from the oxidation of hydroxyl groups of
the furan ring to carbonyl groups, Fig. 3a; in case of DA,
explained by oxidation of catachol to o-quinone, Fig. 3b;
and in case of UA the peak currents improved due to oxidation
of bridging double bond to hydroxyl groups [25], Fig. 3c.
Peak potentials of the individual species are almost constant
at =30 mV, 173 mV and 305 mV for AA, DA and UA,
respectively.

To verify feasibility of the simultaneous detection of AA,
DA and UA at ANF-C700 electrode, the DPV data were col-
lected from concurrent variables on concentrations of their
ternary mixture. Three well-defined oxidation peaks at
=30 mV, 170 mV and 300 mV are easily recognizable for
AA, DA and UA, respectively. The peak currents linearly

Table 1 Comparative analytical performance of ANF-C700 with other reported materials for simultaneous determination of AA, DA and UA
Electrode Peak separations (mV) Linear range (LM) Detection limit (uM) Refs.
AE,* AEy” AE;* AA DA UA AA DA UA
GO/MWNT® 240 70 310 5-300 5-500 3-60 1 1.5 1 [2]
ERGO/GCE® 240 130 370 300-2000  0.5-60 0.5-60 300 0.5 0.5 [27]
MoS,/PEDOT/GC! 180 140 320 20-140 1-80 2-25 5.83 0.52 0.95 [28]
Pd;Pt;/PDDA-RGO/GCE® 184 116 300 40-1200 4-200 4-400 0.61 0.04 0.1 [29]
PAH-HCNTs/GCE" 245 102 347 7.5-180 2.5-105  6.7-65 0.92 0.8 1.5 [30]
[Ni(phen)2?*/SWCNTs/GCEE 204 152 356 30-1546 1-780 1-1407 12 1 0.76 [31]
PImox-Go" 140 60 200 75-2275 12-278 3.62496 18 0.63 0.59 [32]
Au-Cys-BY/GC! - - 220 1-25,000 - 1-200 0.87 - 0.93 [33]
ANF-C700 270 150 420 0.5-60 1-80 1-60 0.59 0.47 0.28 (This work)

“E,, By, E; are peak potential separations of AA-DA, DA-UA, AA-UA
® Graphene oxide and multi-walled carbon nanotube decorated glassy carbon electrode

¢ Electrochemically reduced graphene oxide

4MoS, / PEDOT nanocomposite modified GCE
¢ Graphene anchored with Pd-Pt Nanoparticles

Poly allylamine hydrochloride helical carbon nanotube modified glassy carbon electrode

€ glassy carbon electrode modified nickel(I1)-bis(1,10-phenanthroline) complex single-walled carbon nanotubes

" Polyimidazole and graphene oxide copolymer modified glassy carbon electrode

I glassy carbon electrode modified gold nanoparticles linked bentonite via cysteine groups
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Fig. 3 DPV profiles measured at ANF-C700 in ternary mixture of AA,
DA and UA, a) individual determination of AA, b) DA and ¢) UA in
phosphate buffer (pH 7.0) at a scan rate of 10 mV s~ (concentrations
noted in figure)

increase with concentrations of the analyte, Fig. 4. For AA,
the calibration curve of current density vs analyte concentra-
tion is expressed as jaa (HA cm ) = 1.99 Cpp + 68.10
(R* = 0.9908) in the concentration range of 0.5 60 uM; the
limit of detection is 0.59 uM (S/N = 3) and sensitivity is
5.33 pA-uM -cm . For DA and UA, two lincar segments
are depicted: (i) in the range of 0.003—1 uM weak reproduc-
ibility is obtained for both species; however, (ii) in the dynam-
ic range of 1-80 uM for DA, and in the range of 1-60 uM for
UA the experimental detection limit is calculated as 0.47 and
0.28 uM (S/N = 3), respectively. This phenomenon most
probably reflects the attachment of DA, UA and AA reaction
residuals/products on the electrode surface [26]. Although AA
and UA can be easily removed from the surface of the ANF-
C700 modified electrode, the residual DA can not be washed
out even after 10 cycles in water/fresh buffer resulting in non-
zero signal. Corresponding regression curves of DA and UA
are described as jpa (HA cm?) = 1.26 Cpa + 151.66
(R? = 0.9922) and as jua (LA cm 2) = 2.1644 Cyp + 154.4

350
AUA Jjua = 2.1644C,, +154.4
300 4 DA . R¥=09921
250 ® AA _."‘" ..... ®
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Fig. 4 Variation of the DPV oxidation peak currents against their

concentration in working voltages of —0.3 V, 0.17 Vand 0.3 V for AA,

DA and UA, respectively. Data collected from the measurements

performed in a ternary mixture of AA + DA + UA (Fig. 3)
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wide concentration range for DA, UA and AA species [2,
27, 28] due to its unique three-dimensional structure providing
much larger electroactive surface area. Taking into consider-
ation a cost effective method for fabrication of the sensor, the
prepared electrode based on highly foliated graphene grown
on the surface of ceramic nanofibers has obvious advantages
as compared to the sensors prepared either through complicat-
ed procedure [29-31] or cost-consuming fabrication methods
[29, 32, 33]. The ANF-C700 can be produced in a single step
eliminating any post-processing treatment or special chemical
functionalization and activation procedures. The ANF-C700
material shows an excellent electrochemical behavior such as
peak-to-peak separation and high sensitivity towards AA, DA,
and UA and, therefore, can be considered as an ideal candidate
for development of cheap sensors to study the minute fluctu-
ations in bio-fluids. In addition, this sensor can be employed
for simultaneous determination of DA in the presence of UA
and AA in clinical applications.

Real samples analysis

In order to evaluate the practical performance for analysis of a
real sample, the ANF-C700 modified electrode was applied
for determination of AA, UA and DA in human urine samples.

Table2  Determination results of AA, DA and UA in real urine samples
(n=3)
Sample Added Found RSD (%)  Recovery (%)
@M M
Urinel AA 30 29.3 3.61 98
DA 20 20.9 4.51 105
UA 10 50.7 2.65 95
Urine2 AA 30 30.9 2.52 103
DA 20 21.5 1.73 108
UA 10 43.6 6.66 99
Urine3 AA 30 31.0 1.00 104
DA 20 19.1 4.04 96
UA 10 60.2 6.03 102
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Fig. 5 Hydrodynamic amperometric responses of ANF-C700/GCE
sensor upon successive addition of 15 uM of AA, DA, UA, and other
interfering chemicals to phosphate buffer (pH 7.0) at applied potential of
0.4 V vs SCE
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A fresh urine sample was prepared by the standard addition
method by 50-fold dilution of urine with phosphate buffer to
reduce the matrix effect of the real sample. DPV measurement
was performed in an electrochemical cell containing 400 puL
of urine sample and 20 mL of phosphate buffer. Different
amount of DA, UA and AA was added into the sample to
evaluate the recoveries. Table 2 summarizes the collected data
in which the recovery of the spiked samples ranged within
95% to 108%; indicating that the ANF-C700 modified elec-
trode can be used effectively for the simultaneous detection of
DA, UA and AA in real biological samples with satisfactory
results.

Selectivity, stability and reproducibility of ANF-C700
electrode

Selectivity of the ANF-C700/GCE sensor was evaluated in
several potential interferential species such as ammonium
chloride, FeCl;, MgCl,, KCl, citric acid, Na,SO,4, NaCl,
Urea, Glucose, Caffeine and H,O,_ Insignificant interferences
(signal change <3%) observed in hydrodynamic amperomet-
ric (i—t) response of AA, DA and UA (Fig. 5), suggested the
sensor for potential application in clinical investigations.

To estimate the stability and reusability of the ANF-C700/
GCE sensor, the CV responses of 7 mM AA in phosphate
buffer (pH 7.0) were collected using the constructed electrode
during ten consecutive days, reported in previous work [21].
The relative standard deviation (RSD) of the oxidation peak
currents was less than 2.0% indicating the excellent stability
and reproducibility of the sensor.

Conclusions

Ceramic nanofibers encapsulated by highly foliated multi-
layered graphene were used for selective and simultaneous
detection of AA, DA, and UA. The GCE electrode modified
by these hybrid nanostructured fibers not only detects the
individual compounds but also well separates oxidation waves

of AA, DA, and UA permitting their simultaneous analysis in
a single measurement. The developed sensor exhibits the su-
perior electrocatalytic activities providing excellent selectivity
and sensitivity towards ternary mixture of AA, DA, and UA.
Moreover, the sensor was successfully probed in human urine
samples and further was challenged with some common inter-
fering species. In this study, no effective limitations were ob-
served, which makes the sensor reliable to be employed for
different samples. In our perception, the combination of ana-
lytical and physical features of the ANF-C700 material pre-
sents a distinct opportunity for design and fabrication of a new
class of sensors to detect electroactive biomolecules with low
detection limits of 0.47 uM, 0.28 uM and 0.59 uM for dopa-
mine, uric and ascorbic acids, respectively, and high
sensitivity.
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Abstract

The present study reports the simultaneous determination of ascorbic acid (AA), dopamine (DA) and uric acid (UA) in 0.1 M
phosphate buffer solution (pH = 7.0) using a novel electrode material prepared from oxide ceramic nanofibers by applying a
single step chemical vapor deposition method. Electron-transfer kinetics at the electrode/solution interface was studied by
standard redox reaction of 5 mM Fe(CN)¢”™* in 1 M KCI. Electrochemical and sensing measurements such as cyclic
voltammetry and differential pulse voltammetry were performed to detect DA and UA in the presence of AA. The developed
electrode was shown to separate the overlapping voltammetric responses of three analytes into the individual voltammetric
peaks, totally eliminate the interference from AA, and distinguish DA from UA. Linear relationship was observed between
current intensities and concentrations of all three compounds, and the limits of detection (LOD) were reached 0.57 pM,
0.77 uM and 0.84 pM for DA, UA and AA, respectively. The electrode of graphenated nanofibers displayed a very good
reproducibility and stability, and was successfully tested for detection of DA, UA and AA in real urine samples.

Copyright © 2017 VBRI Press.

Keywords: Graphene, ascorbic acid, dopamine, uric acid, voltammetry.

Introduction

Dopamine (DA), uric acid (UA) and ascorbic acid (AA)
are compounds of a great biomedical interest, which play
a fundamental role in human metabolism [1]. Dopamine
is one of the most important neurotransmitters that
controls the function of the central nervous system, renal
and the balance of hormones in a human body. Abnormal
level of DA can cause several neurological diseases,
including Schizophrenia, Parkinson’s disease, HIV, and
Alzheimer’s diseases [2]. UA is another important
biomolecule in a human body, which is the primary
product of purine metabolism. Its abnormal level of
concentration points to several possible diseases such as
gout, hyperuricemia, and Lesch-Nyhan syndrome [3]. On
the other hand, AA is a vital component known for its
antioxidant peculiarity and its role in treatment of the
common cold, mental illness, and infertility [4]. Since
AA, DA, and UA are electroactive compounds and
coexist in physiological fluids, development of a
technique for effective, selective and simultaneous
detection has recently received considerable interest.
Electrochemical techniques have been widely applied due
to fast detection, simplicity, reproducibility, and cost-
effectiveness. However, the electrochemical oxidation

Copyright © 2017 VBRI Pres

potentials of AA, DA, and UA are very close and
obtained response can easily be affected by the presence
of other biomolecules. In order to overcome this problem,
a wide variety of materials have been tested in order to
improve the electrocatalytic performance of the electrode
surface to separate their oxidation potentials [5, 6].
Among studied materials, carbon nanostructures and,
especially, graphene have been utilized for surface
modification of the electrode due to their unique
structures, outstanding charge-transfer properties and
good chemical stability [7, 8]. The advanced analytical
approaches require high sensitivity and selectivity
combined with simplicity of sample manufacturing and its
modification added by good stability and signal
enhancement as compared to bare electrodes. A linear
working concentration range, clear separation between
oxidation peak potentials and low limit of detection are
essential criteria to be met for development of a novel
electrode material. As electrochemical sensors, many
advanced electrode interfaces were constructed through
modification of electrode surface with graphene or its
composites, which can effectively decrease the
overpotential and enhance the current response. It is
widely documented that any surface modifications can
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play a catalytic role and very small changes in surface
characteristics can determine the sensitivity of
measurement in electroanalytical applications. Therefore,
the reliable and precisely monitored procedure for
fabrication of modified electrodes is of particular
importance for clinical applications.

In this work, by combining the unique electronic
properties of graphene with a large surface area of self-
aligned ceramic nanofibers, a highly sensitive sensor was
developed for simultaneous determination of DA, UA,
and AA. The nanofibers covered by highly foliated multi-
layer graphene were produced with the help of a simple
and well — controllable single-step chemical vapor
deposition (CVD) process and electrochemically studied
using cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) techniques. It is believed that
graphitic edge planes/defects are essentially responsible
for the fast electron-transfer (ET) kinetics and excellent
sensing and biosensing performance [9]. At the present
study, the CVD process was adjusted to get a high density
of graphenic foliates to ensure fast electron-transfer
kinetics and an excellent electrocatalytic activity for
simultaneous determination of dopamine (DA), ascorbic
acid (AA) and uric acid (UA). Furthermore, the developed
electrode was successfully evaluated in human urine
samples presenting good sensitivity and selectivity.

Experimental

Materials and reagents

All reagents and materials were of analytical grade and
used as received. All the solutions were prepared using a
Millipore water (18.2 MQ.cm, Millipore water Ltd.,
USA). The 0.1 M phosphate buffer solution with pH 7.0
that is close to a human blood pH value was prepared by
mixing 0.1 M K,HPO,4 and 0.1 M KH,PO, with the 0.1 M
HCI as the supporting electrolyte. Potassium ferrocyanide,
AA, DA and UA were purchased from Organics.
The stock solutions of AA, DA and UA were freshly
prepared in phosphate buffer solution at room temperature
(22+1°C).

A network of the well-aligned alumina nanofibers was
developed by a controlled liquid phase oxidation of
aluminium melt as described in [10]. The graphenated
Al,O; fibers (a single fiber diameter was of 742 nm) were
prepared by deposition of highly foliated graphene layers
onto the surface of self-aligned oxide ceramic fibers
through a CVD process under methane (CHy) gas flow of
200 cm® min™ and at temperature of 1000 “C as described
elsewhere [11-13]. Schematic representation of the
fabrication process is shown in Fig. 1. The particularly
attractive fact is that the hybrid graphene/alumina
nanofibers were produced without the use of catalysts,
although their growth mechanism is still not completely
understood.

The weight gain after the treatment was 700 %. Thus,
the material to be used for preparation of the electrode
was named ANF-C700 indicating weight gain of carbon
on alumina nanofibers (ANF).
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The array of the graphenated fibers was crushed by
mortar and additionally powdered using MLW KM1 ball
milling machine and Hielscher UP200S ultrasonic
processor (power 100 watts) in presence or absence of
tungsten carbide (WC, particles size 370+25 pm) powder
based on optimized conditions shown in Table 1. The
WC particles were used in order to elucidate a role of
hard particles in a wet-milling and micro-grinding of the
specimens as discussed in [14].

Table 1. Optimization of experiments by varying powder preparations
techniques.

Sample Mortar  Ball Presence  Ultrasound
milling of WC treatment
Sample 1 v - - 10 min in
water
Sample 2 \/ - N 10 min in
water
Sample 3 v 30 min N 10 min in
water
Sample 4 30min - 10 min in
water
Sample 5V 180 min - 30 min in
isopropanol

The obtained powders were suspended in an optimum
amount of isopropanol and Nafion® dispersion solution as
described in [15], agitated for 30 min in an ultrasonic
bath, drop casted on a polished glassy carbon disk
electrode (GCE) and dried in room temperature.

Characterization

Electrochemical measurements, i.e. cyclic voltammetry
and differential pulse voltammetry, were performed in a
potentiostat/galvanostat Autolab PGSTAT?30 in a standard
three - electrode electrochemical cell. A GCE modified
with ANF-C700, a Pt wire and a saturated calomel
electrode (SCE) were used as the working, counter and
reference electrodes, respectively.

The morphology and physical properties of the
developed material were studied by scanning electron
microscopy (SEM, Zeiss HR FESEM Ultra 55), high
resolution transmission microscopy (HR-TEM, JEOL
2100F), and X-ray photoelectron spectroscopy (XPS,
Omicron  Multiprobe ~ XPS  system).  Materials
characterization performed by X-ray diffraction (XRD,
Bruker) and Raman spectroscopy (Horiba's LabRam
HR800) is detailed in [16].

ANF-C700 ANF-C700

ANF
1 powder
| i gy =
‘ Chemmal}\l"apour Ultrasonication ’iﬂ:’i{:‘
’ Deposition ;’: ,’:
— > M3u<
| CHq + N, b}f,"“:&ﬁ
il J 1000 °C Lz s:
i Nafion

Isopropanal

I I Dropcasting |

GCE modified ANF-C700

Fig. 1. Schematic representation of the fabrication of GCE modified
with ANF-C700

1179



Research Article

Results and discussion
Characterization of ANF-C700

The Raman spectra [14], SEM and TEM examination
confirmed presence of several layers of highly defected
graphene with graphene sheet foliates grown on sidewalls
of the outer layers of graphene wraps around the
longitudinal axis of the nanofiber. Mass gain of 700 %
corresponds to 5 — 15 layers of graphene-like layers with
lots of admixture of the graphitic flakes developing the
hybrid nanostructure of closed shell of graphene multi-
layers and nano-foliates with a high density of open
edges. The advantages of exploitation of such kind of
structure are relatively large surface area, high electrical
conductivity, simple and controllable single-step method
of preparation, and good stability of the structure. The
graphene nano-foliates are randomly entangled and cross-
linked on the surface of graphene. Representative images
of the graphene-decorated fibers are given in (Fig. 2a, b
and c). Fig. 1b reveals that the majority of graphene
foliates have a preferentially perpendicular orientation
with respect to the fiber surface.

Density of the foliates was calculated to be 50 + 10
per micron length of the fiber. An average fiber diameter
after treatment was 45 + 10 nm providing a specific
surface area of 120 m* g (BET).

Binding energy / eV

(c) (d)

Fig. 2. (a), (b) SEM images of ANF-C700 sample 4; (c) XPS spectrum
of ANF-C700; (d) TEM micrograph of a single fiber covered by foliated
graphene.

XPS analysis exhibited a low content of oxygen, thus
indicating that the growth process leads to the deposition
of a film with high carbon purity [16], (Fig. 2d). The spz—
associated peak at 284.3 eV attributed to the highest
contribution of trigonally bonded carbon. After the
subtraction of a Shirley background followed by fit using
a mixture function of Lorentzian and Gaussian, the C 1s
peak can be mainly deconvoluted into five sub-peaks,
which have been assigned to C—C (sp°), so-called “defect
peak” with 0.5 eV energy shift, C-O and C=O bonds,

Copyright © 2017 VBRI Pres

2017, 8(12), 1178-1183

Advanced Materials Letters

respectively. This demonstrates that the foliated carbon
nanostructures consist of metal-free graphitic materials
with some oxygen adsorbates due to physical adsorption
of oxygen or vapor mainly on the edge defects at room
temperature after exposure of the sample to air.

Fig. 3a schematically shows the structure of a single
fiber used for the simultaneous detection of AA, DA, and
UA.

Electrochemical behavior of sample

For optimization of the experiments, five distinct samples
prepared from the ANF-C700 powders and the bare GC
electrode, indicated in Table 1, were studied for their
electrocatalytic activity in 1 M KCl + 5 mM K;Fe(CN),
system.

(@ aa DA UA

Ol o

wﬁh “#Nf’&

w w0 Graphene
;@3 ﬁ foliates

Alumina
\ £
~~._Nanofiber

o 02 03 oa 05
Square root of scan rate (V/s)*

jl/Am?

Scan rate 50 mVs™!

——ANF-C700-(Sample1) ~ — ANF-C700-(Sample 4)
——ANF-C700-(Sample2) ~ — ANF-C700-(Sample 5)
~—— ANF-C700-(sample 3) bare GCE

-15 . .

0,1 04 09 14
E/V

Fig.3. (a) Schematic representation of the structure of the single ANF-
C700 fiber; (b) CV responses of comparative voltammograms of ANF-
C700 electrodes. Inset - the linear relation of the anodic and cathodic
peak currents against the square root of potential scan rates in the range
of 10 t0 200 mV s™.

Fig. 3 displays the voltammograms of differently
prepared ANF-C700 modified electrodes at a scan rate of
50 mV s The bare GCE exhibits a wide peak with and a
peak to peak separation of 210 mV representing a quasi-
reversible reaction. In contrast, the ANF-C700 electrodes
present significantly higher peak currents with a redox
potential difference (AE,) ranging 60—-65 mV, indicating
that the process under consideration is approximately
reversible and reaction is diffusion controlled, similar to
that observed, for example, for Ag nanoparticles [17].
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According to the obtained results, the sample 4
(see Table 1) prepared by 30 min milling in water without
WC, was chosen for further consideration due to its well-
pronounced oxidation peak.

16 16
a b
2 | 12 |
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o~ 87 P2 ua ~ 8T DA
£ an E AR
Zar N a4t

o+ o -

a b 4 5 mM AA, 1 mVI DA, 1 mi UA
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05 ° 05 1 0.5 ° o5 1
E/V E/V

Fig. 4. CV responses of (a) individual sensing of Smm AA ,1 mM DA,
and 1 mM UA; (b) ternary mixture of 5 mM AA, 1 mM DA, and
ImM UA in 0.1 M phosphate buffer solution (p/ 7.0) on ANF-C700 at
10mV s,

50

30 |

jlAm?
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Fig. 5. Effect of scan rate on sensing mixture of 5 mM AA,1 mM DA,
and 1 mM UA in 0.1 M phosphate buffer solution with pH 7.0
(Inset - plots of peak current versus square root of the scan rate at 10, 20,
40, 70,100,150, 200 mV s™')

Cyclic voltammetric detection of DA, UA and AA on the
ANF-C700

Cyclic voltammetry technique was used to investigate the
electrocatalytic activity of the developed electrode by
adding AA, DA and UA ranging from —0.3 to 1 V (vs.
SCE) in 0.1 M pH 7.0 phosphate buffer solution (Fig. 4a,
b). A large peak-potential separation was obtained at pH
7.0. The voltammetric responses of these biomolecules
show the well-defined and resolved oxidation peaks at
—60 mV, 210 mV and 320 mV for AA, DA and UA,
respectively. The reduction peak for AA is resolved;
however, for DA a clearly separated peak is found at 120
mV. In case of UA, a weak reduction peak is observed at
280 mV. In order to demonstrate the selective and
sensitive behavior of the electrode, a mixture of AA, DA
and UA was tested in phosphate buffer solution by CV.
The cyclic voltammograms of ternary mixture containing
5 mM AA, 1 mM DA, and | mM UA, shown in (Fig. 4b),
clearly present three well-recognized anodic peaks
corresponding to AA, DA and UA at —40 mV, 200 mV
and 340 mV, respectively. This separation indicates that
the interference between AA, DA and UA oxidation
potential is eliminated by utilizing ANF-C700. The

Copyright © 2017 VBRI Pres
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anodic peak interval potentials were 240 mV, 140 mV and
380 mV for AA-DA, DA-UA and AA-UA, respectively.
Besides, a strong cathodic peak of DA was observed at
150 mV. The obtained results show that the synthesized
ANF-C700 material exhibits an excellent selective
electrocatalytic behavior for the simultaneous electro-
oxidation of three bio-analytes being under consideration.

Fig. 5 displays the cyclic voltammograms of the
developed sensor in presence of 5 mM AA, | mM DA,
and 1 mM UA. The oxidation peak currents increase
consistently with increase in a scan rate from 10 up to
200 mVs™'. A linear relationship between the anodic
peak current and square root of scan rate was
observed for oxidation of AA, DA or UA.

The oxidation peaks current increases with the
scan rate, and the oxidation peak potential is shifted
positively, while the reduction peak potential shifts
negatively.

The CV results show that ANF-C700 is able to
determine not only AA, DA, and UA individually, but
also separate them in the mixture of these biomolecules,
demonstrating the negligible interfering effect from
interactions among AA, DA and UA.
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Fig. 6. DPV response at ANF-C700 electrode (a) individual sensing of
AA, DA, and UA concentrations from 5 nM to 45 pM; and (b) mixture
of 50 uM AA, 60 pM DA, 50 uM UA in phosphate buffer solution (pH
7.0) at a scan rate of 10 mV s™.
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Table 2. Performance of different electrodes for simultaneous determination of AA, DA and UA.

Linear range (nM) LoD (pM) Reference
Electrode AA DA UA AA DA UA s
Helical CNTs 7.5-180 2.5-105 6.7-65 0.92 0.8 1.5 [19]
Tryptophan-graphene 0.2-12.9 0.5-110 10-1000 10.09 0.29 1.24 [20]
SWCNH 30-400 0.2-3.8 0.06-10 5 0.06 0.02 [21]
N-doped graphene 5-1300 0.5-170 0.1-20 2.2 0.25 0.045 [22]
ANF-C700 0.005-30 0.005-45 0.005-45 0.84 0.57 0.77 This work

Determination of DA, UA and AA on the ANF-C700 by
differential pulse voltammetry

To study the sensitivity and defining linear ranges, the
differential pulse voltammetry (DPV) data of the
developed electrode were collected in 0.1 M pH 7.0
phosphate buffer solution in the presence of AA, DA, and
UA, as shown in (Fig. 6a, b). The oxidation peaks of AA,
DA and UA are clearly separated from each other
confirming the results obtained by CV. The oxidation
peak currents increase linearly with an increase in
concentrations of bio-analytes providing the steady peak
potentials at —28 mV, 183 mV and 314 mV for AA, DA
and UA, respectively. The linear ranges of AA, DA and
UA are found as 0.005-30 puM, 0.005-45 pM and
0.005-45 puM and the detection limits (S/N = 3) are
0.84 pM and 0.57 pM, and 0.77 pM. Corresponding linear
regression equations can be expressed as follows:
I, AA (nA) = 0.3814x + 7.5176 (uM) (R = 0.9905);
I, DA (pA) = 0.8798x + 2.4099 (uM) (R = 0.9919);
and 7, UA (uA) = 2.638x + 3.6626 (uM) (R=0.9986).
The DPV results for the mixture of AA, DA and UA
show that the ANF-C700 is able to selectively detect each
of the interfering compounds (Fig. 6a, b). Table 2
presents a comparison between current study and some
other works indicating that ANF-C700 has comparable or
even better analytical performance to be applied in sensor
applications.

Real samples analysis

In order to study the selectivity of the ANF-C700
electrode in the real samples, a human urine was selected
as a biological object. Three urine samples were tested for
detection of their AA, DA, and UA levels. The test
samples were diluted 50-fold before use with pH 7.0
phosphate buffer solution to prevent the matrix effect of
the authentic samples. The DPV technique was applied to
ascertain the results before and after the samples were
spiked with 30 uM AA, 20 pM DA and 10 pM UA.
Recovery rates of the samples were found to be between
95.5% and 106%, indicating that ANF-C700 material can
be effectively utilized for the simultaneous determination
of AA, DA, and UA in the real samples analysis. Anti-
interference ability of the fabricated sensor, studied in
previous work [18], showed very clear amperometric
signal of AA, DA and UA; while addition of common
interfering compounds such as ammonium chloride,
FeCls;, MgCl,, KCl, citric acid, Na,SO,4, NaCl, Urea and
H,0, did not affect the response (signal change <3 %).

Copyright © 2017 VBRI Pres

Conclusions

In summary, the ceramic nanofibers were coated by
highly foliated graphene deposited by a simple single —
step CVD process, and employed to develop a sensor for
simultaneous selection of several important bio-molecules
such as AA, DA, and UA. The electrode of GCE modified
with ANF-C700 was tested for its electrochemical and
showed not only high sensitivity and selectivity toward
individual detection of AA, DA and UA, but also
successfully resolved their overlapped oxidation peaks
into three well-defined peaks.

High selectivity and good antifouling ability of
ANF-C700 electrode was proved by simultaneous
determination of AA, DA and UA in a ternary mixture of
these bio-analytes.

The excellent analytical performance and successful
application of this electrode on human urine sample
suggests ANF-C700 as a promising candidate
applicable  for  highly sensitive and selective
electrochemical sensors.
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Abstract The authors describe the fabrication of a 3-
dimensional interconnected edge-exposed graphene nanostruc-
ture. It was fabricated by single-step chemical vapor deposition
of highly foliated graphene on a network of y-alumina nanofi-
bers having a single fiber diameter of around 7 nm. It is shown
that a highly sensitive electrochemical sensor can be prepared
for simultaneous detection of ascorbic acid, uric acid and do-
pamine from such graphene-coated nanofibers possessing dif-
ferent but controllable density of foliates. The study concen-
trates on the determination of ascorbic acid in a concentration
range that extends from as low as 5 nM to 1 mM. The electro-
chemical properties of the materials were studied by cyclic
voltammetry, chronoamperometry and differential pulse volt-
ammetry using hexacyanoferrate as a redox probe. Response is
linear in the 1 pM to 60 uM ascorbate concentration range, the
sensitivity is 1.06 pA-uM '-cm 2, and the detection limit is
117 nM at foliate density of 50 foliates um ™", The sensor was
successfully applied to the determination of ascorbic acid in
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spiked urine samples. These results demonstrate a method
for controllable growth of graphene possessing tailored
morphology. In our perception, the application of such
graphene-decorated nanostructures paves the way to the design
of ultrasensitive electrochemical sensors of high stability.

Keywords Nanosensor - Cyclic voltammetry -
Chronoamperometry - Differential pulse voltammetry -
Ascorbic acid - Glassy carbon electrode

Introduction

Recent success in synthesis of graphene nano sheets via var-
ious protocols and the integration of graphene with different
nanomaterials, including metal oxides, provides abundant op-
portunities for development of sensors with enhanced perfor-
mance [1]. Graphene, representing one-atom-thick sp> hybrid-
ized carbon structure, has received considerable attention in
the field of electrochemical sensing, due to its extraordinary
structural, electronic and chemical properties such as large
specific surface area (2630 m* g ') and excellent electrical
conductivity (550 S cm ') [1]. Graphene possesses a strong
absorbance efficiency and can be relatively easy functional-
ized [2, 3]. Therefore, several approaches have been reported
for fabrication of graphene-based electrochemical sensors in-
cluding surface modification of bare electrode [1], graphene
paste [4], sol-gel derived ceramic composite electrodes [5],
metal nanoparticles (such as Au, Pd, and Pt) [6, 7], graphene
oxide [8], conductive polymers [9], and three-dimensional
(3D) structures based on assembly of graphene sheets [2].
However, most of these composites suffer from serious limi-
tations such as high cost, long preparation time, weak mechan-
ical stability, and low reproducibility.
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To overcome above limitations, investigations for develop-
ing novel structures such as 3D graphene employed on the
surface of metal oxides (i.e. nanofibers) and applicable in
ultrasensitive determination of bioanalytes is still desirable
[10]. Three-dimensional metal oxide/graphene interface, can
not only significantly improve the catalytic activity of the
sensor, but also can provide concentrated surface active sites
for sensing small bio-molecules such as ascorbic acid (AA),
uric acid (UA) and dopamine (DA) [11, 12]. In this study, a
network of hybrid electrocatalyst consisting of alumina
(Al,0O3) nanofibers covered by multi-layered graphene has
been prepared through a cost-effective and simple single-
step process of chemical vapor deposition (CVD) of carbon
onto a surface under consideration.

Although the typical chemical vapor deposition (CVD)
procedure involves growth of graphene over the surface of a
flat metal foil, the CVD method was shown to be a powerful
tool to grow complex 3D graphene structures on different
substrates. Recently, a catalyst-free CVD process to deposit
graphenated nanostructures of tailored morphology on a di-
electric substrate of nanofibers has been developed by I.
Hussainova’s group [13—15]. Highly foliated graphene was
formed through surface catalytic decomposition of hydrocar-
bon precursors on a surface of oxide ceramic. The fundamen-
tal advantage of a fuzzy graphenated fiber-foliate structure is
the high surface area framework coupled with the high edge
density of the graphene sheets. The current contribution fur-
ther develops the method for growth of graphene sheets with
controlled density and morphology over the surfaces of peri-
odically arranged 3D nanostructures. A control of graphene
nanoscopic morphology allows usage graphene-based and hy-
brid nanomaterials in different applications. Moreover, alumi-
na nanoparticles have shown considerable stability at the met-
al oxide/graphene interface, which can provide effective elec-
trochemical stability by improving catalytic activity [15]. In
this work, a connection between morphology and possibility
to use the graphene-ceramic hybrid nanofibers for electro-
chemical detection of AA is thoroughly studied. Ascorbic acid
usually coexists with UA and DA in human blood and/or urine
and their electrochemical signals can hardly be separated with
the help of a conventional bare electrode because of over-
lapped oxidation peaks [17]. In this work, high selectivity
and sensitivity of the developed electrode material was suc-
cessfully demonstrated through simultaneous detection of
AA, UA and DA, although detailed consideration of electro-
chemical response of these three components is out of scope
of the present paper.

The particular attention is paid to ascorbic acid, or Vitamin
C, because AA is a fundamental vitamin compound found
in all life forms and one of the most prominent members
of compounds known for their anti-oxidant properties.
Moreover, AA is a crucially significant compound for human
health influencing body treatment such as wounds healing,

@ Springer

bones repairing, teeth maintaining, as well as synthesis
of collagen, and immunological response. Dissolved form
of ascorbic acid is a positively-charged cation (H") and a
negatively-charged anion (ascorbate). Ascorbate anions
participate in the electron-donating process by involving
in adsorption and reduction at the electrode surface.
Although several published reports on the use of graphene-
modified electrodes for analysis of AA are available, response
is subject to electrode fouling by oxidation products, and
hence the electrodes require to be rebuilt to obtain reproduc-
ible result [16]. Therefore, development of electrode with high
sensitivity, selectivity and stability against surface fouling
represents a challenging task.

Because electrocatalytic activity of a graphene nano-flake
film electrode has been shown mainly to be due to edge plane
sites and their ability to serve as nano-connectors, the hybrid
materials representing the alumina nanofibers encapsulated
into foliated graphene wraps has been recently developed
[18]. The fundamental advantage of an integrated nanofiber
— graphene structures is the high surface area of a three-
dimensional network of free-standing self-aligned fibers
coupled with high edge density of graphene foliates.

In this work, the produced hybrid nanostructures of the
lightweight ceramic and graphene sheets has been tested for
detection of ascorbic acid in a phosphate buffer proving ultra-
high sensitivity and impressively low detection limit. The
study has also been extended by detection of some interfering
compounds (DA and UA). Influence of foliates density on
sensing capacity of the electrodes has been studied for the first
time. Fabricated material is shown to offer cost-effectiveness
and excellent chemical stability. The analytical performance
of the electrode material has been successfully evaluated in
human urine sample.

Experimental
Materials and reagents

Ascorbic acid, uric acid, NaH,PO, and Nafion® were ac-
quired from Sigma-Aldrich (http:/www.sigmaaldrich.com/).
Na,HPO, was purchased from VWR chemicals (https://ch.
vwr.com/store/) and dopamine was obtained from Alfa
Aesar (www.alfa.com). All other chemicals in this study
were of analytical reagent grade from commercial sources
and were used without further purification. Millipore
water (18.2 MQ-cm, www.millipore.com) was used for
the solutions. The 0.1 M phosphate buffer with pH 7.0
(close to human blood pH value) was prepared from
0.1 M NaH,PO,, 0.1 M Na,HPO, and the supporting
electrolyte was 0.1 M KCL Standard AA molar solutions were
freshly prepared before each electrochemical test by dissolving
the required amount of AA in 0.1 M phosphate buffer at room
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temperature (22 + 1 °C). Pure nitrogen was bubbled through
the prepared solutions to eliminate the oxygen presence and
improve stability of dissolved ascorbic acid.

Preparation of ANF-C300 and ANF-C700

The network of aligned free-standing self-oriented y-alumina
nanofibers (ANF) with a single fiber diameter of 7 + 2 nm
were employed as a highly porous substrate for carbon depo-
sition as detailed in [13, 18]. Graphene foliates were grown
along the longitudinal axis of nanofibers using a hot-wall sin-
gle-step process of catalyst-free chemical vapor deposition
(CVD) at a treatment temperature of 1000 °C and in methane
(CHy) gas flowing through a CVD chamber at a rate of
50 em® min"'. A process of carbonization was performed
either for 60 min or 120 min resulting in the carbon weight
gain of 300% and 700%, respectively. The temperature was
recorded by a thermocouple, which was in contact with the
sample holder, which is exposed to the same thermal treatment
as the fibrous substrate. Through adjustments in growth con-
ditions, the density of the graphitic features can vary from
none to high density [14, 19]. The graphenated alumina nano-
fibers were subsequently cooled down to room temperature in
the nitrogen (N,) flow of 1000 cm® min~". In this study, the
processed networks of hybrid fibers were designated as ANF-
C300 and ANF-C700 reflecting a weight gain of the speci-
mens. The synthesized specimens were carefully crushed in
ceramic mortar and treated in water using Hielscher UP200S
ultrasonic processor (www.hielscher.com) with the power of
200 watts for 15 min.

Apparatus and procedures

Surface morphology and structural characterization of the
hybrid network of nanofibers covered by graphene was
studied by scanning electron microscopy (SEM) using
Zeiss HR FESEM Ultra 55 at operating voltage of 4 kV
(www.zeiss.com) and Raman spectroscopy using Horiba
LabRam HR800 spectrometer (http://www.horiba.com).
Electrochemical and sensing measurements i.e. cyclic
voltammetry (CV), chronoamperometry (CA), and differential
pulse voltammetry (DPV) were conducted with the help of a
potentiostat/galvanostat Autolab PGSTAT30 (http://www.
ecochemie.nl) in a standard three-electrode electrochemical
cell. A Pt wire and a saturated calomel electrode (SCE) were
used as the counter and reference electrodes, respectively. To
prepare the working electrode, a conventional glassy carbon
electrode (GCE) with a diameter of 5 mm pressed into a
Teflon holder (geometrical surface area of all working elec-
trodes =0.196 cm?) was polished and dried under N, gas
flow. The dried and ground ANF-C300 / ANF-C700 spec-
imen was subsequently suspended in a mixed solution of
20 wt% isopropanol (Sigma-Aldrich, > 99%), Millipore water

and Nafion® dispersion (to achieve 5 wt% content of Nafion®
ionomer in the final layer [20]) and agitated in an ultrasonic
bath for 30 min. Thereafter, 10 pL of the homogeneous sus-
pension was drop casted onto the clean and mirror-polished
surface of GCE (Fig. 1). The thickness of the covered layer
was estimated to be 30 pm. To achieve a stable response, all
working electrodes were cycled for several times from —0.3 to
1 V vs. SCE prior to measurements.

Results and discussion
Characterization of the hybrid nanofibers

Representative SEM micrographs of the three-dimensional
arrays of graphenated alumina nanofibers with perpendicular
oriented foliates as well as HR-TEM image of a single foliate
are shown in Fig. 2. Density of foliates per micron of nanofi-
ber length increases from 30 + 5 to 50 £+ 10, and the core
diameter of the graphenated fiber increases from 20 = 5 nm
to 45 + 10 nm for the ANF-C300 and ANF-C700 materials,
respectively, corresponding to increase in CVD treatment
time. The carbon formed on the surface of nanofibers is
wrapped up around the fiber with lots of admixture of the
graphitic flakes developing the nanostructure of closed shell
of graphene multi-layers and nano-flakes with controlled den-
sity. Schematic representation of the complex structure with
divergent graphene foliates is shown in Fig. 2f. The micros-
copy analysis conducted in [20] has demonstrated that, at the
early stage of CVD treatment, the alumina fibers were coated
by a few graphene layers rolled around the fiber. An increase
in number of the graphene layers and development of protru-
sions (foliates) was accomplished by an increase in time of
deposition. The surface area Brunauer-Emmett-Teller mea-
surements revealed the very close values of 125 m* g ! and
119 m* g ' for ANF-C300 and ANF-C700, respectively [20].
Raman scattering spectra obtained from both ANF-C300 and
ANF-C700 showed narrow and well defined G and D band
peaks located at 1350 and 1590 cm ™, suggesting the forma-
tion of a graphitized nanocrystalline structure of foliates.
Intensity ratios (denoted as Ip / Ig) were used to determine
the degree of carbon graphitization (S1). XPS analysis,
comprehensively discussed in [20], showed that the sur-
face of graphenated fibers was mainly composed of car-
bon with a presence of oxygen in a very low concentra-
tions in both materials. The results demonstrated a lower
concentration of oxidized carbon centers in ANF-C700 as
compared to ANF-C300.

Electrochemical behavior of electrodes

The kinetic of electrons transfer at an electrode/solution inter-
face was studied with the help of a standard redox reaction of
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Fig. 1 The schematic representation of the working electrode preparation

0.5 mM Fe(CN)¢>”* in 0.1 M KCl. Both ANF-C300 and
ANF-C700 electrodes exhibit well-pronounced peak currents
(Z,), which increases with an increase in the scan rate from 10
to 200 mV s ! (Fig. S2). The separation between anodic and
cathodic peak potentials (AE,) is around 70 mV for both
samples at the scan rate of 10 mV s ' (Fig. 3a). Peak current
intensities enhance and peak potentials shift to more positive
values with an increase in the scan rate; however, a linear
dependency is observed between the peak currents and a
square root of the potential scan rate (Fig. 3b). A set of im-
proved reversible reactions are found for the specimens sug-
gesting a semi-infinite diffusion-controlled reaction on the

Fig. 2 SEM and HR-TEM
images of alumina nanofibers
covered by carbon: (a) SEM
image of the network of highly
aligned fibers covered by foliated
graphene, ANF-C300 sample; (b)
high magnification SEM
micrograph of ANF-C300; (¢)
HR-TEM of a graphene foliate
taken from ANF-C300; (d) SEM
images of the ANF-C700 sample;
(e) high magnification SEM
micrograph of ANF-C700; and (f)
a schematic representation of the
nanostructures used for electrode
material
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electrode interface [21]. Redox peaks for GCE and ANF-
C300 are relatively weak; but ANF-C700 exhibits redox
peaks of higher intensity combined with a narrow potential
difference indicating the high electron transfer rate. This ob-
servation indicates that the kinetics of electron transfer at the
electrode/electrolyte interface is enhanced due to highly po-
rous three-dimensional structure of the electrode material with
a relatively high electrochemically accessible surface area.
The electroactive surface areas of the ANF-C300 and ANF-
C700 electrodes are calculated as 0.333 and 0.426 cm? using
the Randles—Sevcik eq. (S2), respectively, indicating a higher
surface area of the graphenated nanofibers as compared to
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Fig. 3 CV profiles of (a) comparative voltammograms of ANF-C300,
ANF-C700 and GCE electrodes at a scan rate of 10 mV s~ '; (b) the linear
relation of the anodic and cathodic peak currents against the square root of
potential scan rates in the range of 10 to 200 mV s ; (¢) voltammograms

GCE (0.106 cm?). Therefore, the enhanced electrochemical
activity of the graphene modified ANF electrode can originate
from the active surface area of graphene foliates at the elec-
trode surface suggesting a promising nature of ANF-C elec-
trode for electrocatalytic oxidation of small organic molecules
and electrochemical sensing.

Cyclic voltammetry responses shown in Fig. 3¢ demon-
strates the electrocatalytic behavior of ANF-C300, ANF-
C700 and GCE electrodes in phosphate buffer (pH = 7.0) in
the presence of 7 mM AA at the scan rate of 50 mV st In
case of GCE, the oxidation peak is very broad and ap-
peared at +0.24 V, while the CV oxidation peaks for both
ANF-C300 and ANF-C700 are observed at +0.07 and
+0.05 'V, respectively. Moreover, the peak current detected
for GCE is of a low intensity; in contrast, the peaks demon-
strated by ANF-C300 and ANF-C700 are of much higher
intensities. The peak current intensity on the ANF-C700 elec-
trode (174.6 pA) is 2.5 times higher as compared to GCE due
to its larger effective electroactive surface area related to a
higher density of the graphene foliates. The substantial nega-
tive shift was observed for both graphenated alumina nanofi-
bers electrodes and well-revolved current signals approved
strong electrocatalytic ability of the ANF-C structures. The
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for ANF-C300, ANF-C700 and GCE electrodes in 0.1 M phosphate
buffer (pH = 7.0) containing 7 mM AA at a scan rate of 50 mV s
and (d) CVof 5 mM AA and interfering species, | mM DA and 1 mM
UA in 0.1 M phosphate buffer

results indicate that AA molecules are adsorbed onto the
electroactive sites of the electrode surface and are oxidized
to dehydroascorbic acid with the release of two protons and
two electrons [22].

Cyclic voltammetry was employed to study the electrocat-
alytic oxidation of AA, DA and UA at modified electrode
surfaces (Fig. 3d). Three well separated peaks at =70 mV,
190 mV and 330 mV were detected corresponding to the ox-
idation of AA, DA and UA, respectively. This finding dem-
onstrates the potential applicability of the materials for simul-
taneous determination of these analytes with enhanced selec-
tivity and sensitivity.

The kinetics of the electrode reaction were studied by ex-
amining the influence of the scan rate on oxidation peak cur-
rent and potential by variations of the AA oxidation peak
potential from —0.3 to 1.0 V vs. SCE (Fig. S3). Based on a
plot of log peak current versus log scan rate and discussion
provided in supplementary data (S3), a linear relation was
described for both ANF-C300 and ANF-C700 electrodes with
the slopes of the lines 0.21 and 0.43, respectively. The slope
determined for AA oxidation at ANF-C700 electrode is very
close to the theoretical value of 0.5 reported for the diffusion-
controlled processes [22].
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Chronoamperometry measurements

The chronoamperometry measurements of ANF-C300 and
ANF-C700 electrodes were performed to study the catalytic
oxidation of AA at a potential step of 0.1 V vs. reference
electrode and to estimate the diffusion coefficient of AA in a
0.1 M phosphate buffer (Fig. S4). The experimental plots of /
vs. £ were plotted and the slopes of fitted lines were deter-
mined at various AA concentrations. Based on the Cottrell
equation, the diffusion coefficient of AA is estimated as
0.79 x 10 em? s and 5.3 x 10°° em® s™* for ANF-C300

and ANF-C700, respectively.

Determination of AA at the ANF-C electrodes
by differential pulse voltammetry

To analyze sensitivity and evaluate possible practical applica-
tions of the ANF-C electrodes, differential pulse voltammetry
tests were carried out at various concentrations of AA in
20 mL phosphate buffer (pH = 7.0). The potential range ap-
plied was between —0.3 and 0.5 V and potential scan rate
adjusted to be 20 mV s, Fig. 4. For both graphene modified
electrodes, increase in the concentration of analyte results in
an increase in anodic peak current, which corresponds to the
irreversible oxidation of hydroxyl groups to carbonyl groups
of'the furan ring in AA and is revealed by asymmetric peaks at
higher concentrations. Moreover, in absence of AA, a consid-
erable background current was found for both samples. As
compared to ANF-C300, the electrode ANF-C700 demon-
strates superior electrocatalytic activity in terms of sensitivity
and the limit of detection (LoD) due to the structural charac-
teristics and enhanced electrical conductivity of the graphitic
foliates of ANF-C700 [23], which had no obvious effect on the
AA signal detection in provided range. The LoD calculated for

both samples are given in Table 1. The ANF-C300 exhibits a
weak sensitivity of 0.30 pA puM ! em 2 and limit of detection
of 8586 nM in the range of 1-60 uM; however, at the same
experimental condition, ANF-C700 demonstrates an enhanced
sensitivity of 1.06 pA uM ' em 2 and LoD of 117 nM.
The linear relationship between the anodic peak currents
(1) vs. ascorbic acid concentrations (X) is shown by a
calibration curve for ANF-C300 that can be approximated as
I(uA) = 0.06X + 4.49 (R? = 0.9903) in the range of 1-60 M.
Two distinct segments are obtained for ANF-C700: in the
range of 0.005—-1 uM, current signals are very close to each
other and deviated from linearity; however, very good linear
relationship was maintained in the range of 1-60 uM. For
the ANF-C700, equations for anodic peak currents vs. AA
concentration are described as I(pA) = 3.81X + 7.43
(R? = 0.9348) and I(1A) = 0.20X + 11.32 (R* = 0.9946) in
ranges 0.005—1 pM and 1-60 puM, respectively.

Table 1 compares the analytical performance of the GCE
modified ANF-C300 and ANF-C700 materials with previous-
ly reported works. The ANF-C700 exhibits either improved or
comparable analytical performance as compared to similar 3D
carbonic structures [10, 24-26]. The linear range of the mod-
ified electrode is wider than the range reported in [6, 10, 27].
Moreover, an excellent working stability of the electrode
(Fig. S6) makes it attractive for detection of unknown
concentration of AA in real biological samples. Cost-
effectiveness and simplicity of preparation make the developed
ANF-C700 electrode favorably compared to expensive noble
metal-based sensors [2, 28, 29] or sensors required a com-
plicated procedure for their fabrication [2, 8, 30]. The elec-
trode of graphenated oxide nanofibers does not require any
additional treatment or activation before usage and, therefore,
can be considered as a promising nanomaterial to be utilized
as a chemosensor.

Fig. 4 DPV data for (a) ANF- 45 45 s
o 40
€300; and4 (b).ANF-C700 a b <30 y = 0.2069x + 11.32
measured in different AA a0l EX 40 z RE=09946 .
concentrations. Respective insets g2 ¥ = 00625 + 4.4966 £ o R
depict the oxidation peak currents 35| 310 Ri=08003 35| o1 | fy- 3.8135x +7.4376
as a function of AA o L 0 R=08548
concentrations measured at a 0 10 20 30 40 50 60 70 30| O Momentmtion st 0 T°
potential scan rate of 20 mV s 301 Coneentration /M
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Selectivity, stability and reproducibility

In order to evaluate the anti-interference ability of the GCE
modified ANF-C700 material, a chronoamperometry study
was performed by using interfering compounds such as uric
acid, dopamine, ammonium chloride, FeCl;, MgCl,, KCl,
citric acid, Na,SO,, NaCl, urea and H,O, in 0.1 M phosphate
buffer (pH 7.0) with continuous stirring at the applied poten-
tial of 0.1 V. The GCE modified ANF-C700 material demon-
strated clear responses towards the addition of AA, UA, and
DA, while addition of ammonium chloride, FeCl;, MgCl,,
KCl, citric acid, Na,SO4, NaCl, urea and H,O, did not cause
any significant changes in the response with respect to various
potential interferential species indicating a very good selectiv-
ity of the developed electrode (Fig. S5).

Reproducibility and stability of ANF-C700 were evaluated
by determination of 7 mM AA in a 0.1 M of phosphate buffer
(pH = 7.0). Five successive measurements were conducted
with the same electrode during continuous period of time
(Fig. S6). After each measurement, the electrode was washed
by distilled water and treated with voltammetric cycles in
phosphate buffer. The reproducible responses and the relative

903
Table 2 Determination results of AA in real urine samples (n = 3)
Urine Added Found RSD (%) Recovery (%)
samples  concentration  concentration

(M L™ (M L™

1 30 31.6 3.6 98.2
2 30 325 2.5 103
3 30 349 1.0 104

standard deviation (RSD) 0f 2.01% indicate that AA detection
ability can be recovered even after 240 h of experiments. This
result confirms excellent stability and reproducibility of the
graphene-decorated alumina nanofibers, which can be suc-
cessfully used for analytical determination of bio-analytes in
aqueous solutions.

Real sample analysis

In order to verify the applicability of the modified electrode in
the practical use, the ANF-C700 material was further tested
for the detection of AA in a three human urine samples using a

Table 1 ~ Comparison of an analytical performance of different electrodes for determination of ascorbic acid

Electrode Method Sensitivity (LA uM ™" cm?) Limit of detection Application Reference
Linear range in pM (nM)

3DGH-AuNPs* DPV - 28 Human serum [2]
(6-350)

Au-PdrGO DPV - 15.7 Urine sample [6]
(0.03-9.50)

EGNWs® DPV 8.74 1800 Vitamin C tablet [10]
(1.8-32)

3D GF/CuO nanoflowers® Amperometric  2.060 430 - [24]
(0.43-200)

Screen-printed graphene DPV 0.393 950 Human urine [25]
(4-4500)

Graphene ceramic composite electrode Amperometric 6.06 820 orange juice [26]
(3-84) urine sample

Nanocomposite/FTOd DPV - 1.05 Human Urine [27]
(0.006-0.265)

MoS,/rGO hybrid nanocomposite DPV 0.12 72 Human serum [28]
(12-5402)

Graphene anchored with Pd-Pt Nanoparticles DPV 0.077 610 Human serum and urine [29]
(40-1200)

3-CD/rGO/SPE® DPV - 67 Human serum [30]
(200-2000)

Alumina Nano Fibers modified by graphene DPV 0.308 8586 Human Urine This work

foliates (ANF-C300) (1-60)
Alumina Nano Fibers modified by graphene  DPV 1.06 117 Human Urine This work

foliates (ANF-C700) (1-60)

rGO reduced graphene oxide

“ Three-dimensional graphene hydrogel and gold nanoparticles nanocomposite

® Few-layered epitaxial graphene nano walls
3D graphene foams decorated by CuO nano flowers
4 Patterned fluorine doped tin oxide

¢ Conductive B-cyclodextrin polymer on reduced graphene oxide modified screen-printed electrode”
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standard addition method. Prior to the measurements, urine
samples were diluted in a 1:10 ratio with 0.1 M phosphate
buffer (pH = 7.0) and used without any additional treatment.
The analytical results are summarized in Table 2. The recov-
ery rates ranged from 98% to 104% with RSD less than 3.6%
shows the potential application of the synthesized electrode
for analytical determination of AA in biological samples.

Conclusions

In summary, a network of graphene-decorated oxide ceramic
nanofibers with tailored graphitic edges exposure has been
produced by using a single-step hot-wall catalyst-free route
of chemical vapor deposition of carbon onto the surface of y-
alumina nanofibers and used as a sensor for detection of ascor-
bic acid for the first time. Well-defined oxidation peaks with
low anodic potentials and high peak currents have been attrib-
uted to the excellent electronic conductivity, large electroactive
area and fast heterogeneous electron transfer capability. The
electrode with 50 = 10 foliates density per micron of nanofiber
length (ANF-C700) has demonstrated superior electrocatalytic
performance towards ascorbic acid with fairly large peak cur-
rents as compared with material of lower density of foliated
(ANF-C300) or glassy carbon electrode. Electrochemical mea-
surements revealed a high sensitivity and selectivity, compara-
ble linear ranges, and an excellent stability for ANF-C700
electrode material in analysis of ascorbic acid in the presence
of interfering species such as dopamine and uric acid. Cost-
effectiveness of electrode preparation combined with excellent
electrochemical characteristics makes the developed material a
promising candidate for designing an electrochemical sensor
for simultaneous determination of the biological molecules in
different samples.
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