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Abstract: Herein, the effects of nanostructured modifications of a gold electrode surface in the
development of electrochemical sensors for L-ascorbic acid detection have been investigated. In
particular, a bare gold electrode has been modified by electrodeposition of gold single-walled carbon
nanotubes (Au/SWCNTs) and by the formation of a highly nanoporous gold (h-nPG) film. The
procedure has been realized by sweeping the potential between +0.8 V and 0 V vs. Ag/AgCl for
25 scans in a suspension containing 5 mg/mL of SWCNTs in 10 mM HAuCly and 2.5 M NH4Cl
solution for Au/SWCNTs modified gold electrode. A similar procedure was applied for a h-nPG
electrode in a 10 mM HAuCly solution containing 2.5 M NH,Cl, followed by applying a fixed
potential of —4 V vs. Ag/AgCl for 60 s. Cyclic voltammetry and electrochemical impedance
spectroscopy were used to characterize the properties of the modified electrodes. The developed
sensors showed strong electrocatalytic activity towards ascorbic acid oxidation with enhanced
sensitivities of 1.7 x 1072 pA pM~lem=2 and 2.5 x 1072 pA uM~1em =2 for Au/SWCNTs and h-
nPG modified electrode, respectively, compared to bare gold electrode (1.0 x 1072 pA uM~lem~2).
The detection limits were estimated to be 3.1 and 1.8 uM, respectively. The h-nPG electrode was
successfully used to determine ascorbic acid in human urine with no significant interference and
with satisfactory recovery levels.

Keywords: L-ascorbic acid; single walled-carbon nanotubes; nanoporous gold; modified electrode;

electrochemical characterization; electrochemical sensor

1. Introduction

L-Ascorbic Acid (AA) or vitamin C is a very important compound, that is abundant
in many fruits, vegetables and humans [1]. An appropriate amount of this vitamin is
especially important for maintaining a healthy immune system. It also plays an important
role in wound healing, keeping your bones strong, enhancing brain function and preventing
cancer and other diseases, thanks to its antioxidant properties [2—4]. For this reason, the
AA content is used as a health indicator [5]. AA cannot be synthetized by the human body,
as humans can take AA only from food and integrators. One of the most common reasons
people take vitamin C supplements is because, historically, there have been suggestions of
the effectiveness of this vitamin to prevent the common cold [6,7]. Moreover, it is known
that deficiency of AA can cause scurvy, anemia and premature ageing [8]. European
studies have also shown a negative correlation between vitamin C plasma levels and
all-cause of cardiovascular mortality [9]. In recent years, emerging literature suggests
the role of vitamin C in the treatment of a variety of viral infections [10]. Preliminary
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evidence suggests common dietary supplements, such as vitamins C, D and zinc, may help
in the fight against COVID-19 [11,12]. Although doctors are using high-dose intravenous
(IV) vitamin C, there is no published scientific evidence about the use of IV vitamin C in
critically ill COVID-19 patients [13].

Many supplements contain extremely high amounts of this vitamin, which can cause
undesirable side effects, such as digestive distress, abdominal cramps, diarrhea and kidney
stones [13].

Vitamin C is a water-soluble vitamin, which means it dissolves in water and does not
get stored within the body, in contrast to fat-soluble vitamins. Therefore, the vitamin C
gets transported to human tissues via body fluids, and any extra gets excreted in urine.
However, supplementing with high amounts of vitamin C can lead to adverse effects,
because when you overload your body with larger-than-normal doses of vitamin C, it will
start to accumulate, potentially leading to overdose symptoms. Normal plasma levels
of AA are in the range 4-9 mg/L (25-30 mM). Many diseases are related to changes in
its concentration, which should be maintained within this range, avoiding deficiency or
excess. The control of vitamin C content in blood or urine is of great importance in clinical
diagnostics and, therefore, it is of great interest to develop convenient methods for an
accurate detection of AA in biological fluids.

Up to now, several methods have been described for detecting AA including elec-
trophoresis [14,15], spectrophotometry [16,17], chemiluminescence [18-20], oxidation-
reduction titration [21,22], HPLC [23-25], fluorescence [26] and electrochemistry [27,28].
Among these methods, electrochemistry is an interesting alternative technique, thanks to
its high sensitivity, simplicity, low cost and capability of multiplexing and point-of-care
(POC) detection.

The electrochemical detection of AA can be realized with or without incorporation
of L-ascorbic acid oxidase enzyme, developing the so-called biosensors or sensors, re-
spectively [29]. Although many examples of enzymatic biosensors are reported in the
literature for AA detection, the enzyme-based biosensors are generally affected by enzyme
denaturation and/or leaching out from the electrode surface, which can cause short life-
time and instability of the device [30,31]. Moreover, the enzymatic sensors are dependent
on oxygen limitations. These drawbacks can be overcome with the development of the
enzymeless sensors. The first nonenzymatic sensors were constructed using conventional
electrodes, such as glassy carbon (GC), gold (Au) and platinum (Pt). Unfortunately, the
electrooxidation of AA at conventional bare electrodes requires a high overpotential (+0.4 V
at GC and +0.6 V at both Pt and Au electrodes vs. Ag/AgCl [29]), which causes the ad-
sorption of several organic compounds present in the complex biological samples on the
electrode surface, a process called “biofouling”, which occurs through the formation of
hydrophobic and electrostatic interactions. The biofouling effect can decrease the electron
transfer rate and the analytical current signal [32]. A method to overcome this problem
is the modification of the electron surface topography by construction of biofouling resis-
tant electrodes with new electrode materials [33,34]. Up to now, thin films [35-39] and
nanomaterials [40-44] have been reported for the modification of the electrode surface. In
particular, gold-based nanomaterials, such as gold nanoporous, have been successfully
investigated for minimizing the electrode biofouling due to protein adsorption [32,45-48]
by the size exclusion principle, restricting the transport of large biomolecules within the
inner porous surfaces, thus allowing access only to small redox probes.

Highly nanoporous gold (h-nPG), with pore diameter of a few micrometers, drastically
increases the electrode surface area and the relative current densities with reduced costs
thanks to a lower amount of gold material needed to obtain the same surface area [49,50].
Moreover, the h-nPG film does not require any immobilization procedure on the electrode
surface, thus avoiding the drawback of an undesirable loss of material from the surface, as
is the case for gold nanoparticles.



Chemosensors 2021, 9, 229

3 0f20

Nanoporous gold films are generally fabricated using the following methods: de-
alloying, electrochemical deposition and templating [50,51]. The self-templating method
is a combined time saving electrochemical-templating method involving two steps: gold
electrodeposition and hydrogen bubbling at the electrode, as a self-template, realized by
applying a negative potential, usually lower than —3 V vs. SCE [52-55].

In this work, we describe two nano-structured electrochemical sensors for AA detec-
tion based on the modification of a bare gold electrode with electrodeposited Au/SWCNTs
and self-templating h-nPG, respectively, as represented in Scheme 1. The morphology
of the electrodes has been characterized through scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDX), Raman spectroscopy and electrochemical
impedance spectroscopy (EIS). The electrochemical characterization of the two sensors
has been reported and the analytical performances were compared. Moreover, the poten-
tial application of the h-nPG based sensor for testing AA in human urine samples was
also investigated.

Au-NPs

-

2 h-nPG

Scheme 1. Schematic representation of the Au/SWCNTs (Method 1) and h-nPG (Method 2). modified
gold sensor for ascorbic acid detection.

2. Experimental
2.1. Reagents and Apparatus

L-Ascorbic acid (AA), sodium monobasic phosphate (Na,HPOy), sodium dibasic
phosphate NaH, POy, potassium chloride (KCl), potassium ferricyanide (III) (K3[Fe(CN)s]),
potassium ferrocyanide (II) (K4[Fe(CN)g], gold (III) chloride solution, single-walled carbon
nanotubes (SWCNTs, 0.83 nm average diameter) and ammonium chloride (NH4Cl) were
purchased from Sigma-Aldrich (Buchs, Switzerland). All solutions were prepared in a
phosphate buffer 0.1 M, KC1 0.1 M, pH 7.4 (PBS bulffer). A solution of 1.1 mM K3[Fe(CN)¢]
and 0.1 M KClI in water was used in cyclic voltammetric experiments for determination of
electroactive area (A¢) using the Randles-Sevcik equation. High purity deionized water
(resistance: 18.2 MQ cm at 25 °C; TOC < 10 ug L) obtained from Millipore (Molsheim,
France) has been used throughout experiments.
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Electrochemical measurements were performed in a 10 mL thermostated glass cell
(model 6.1415.150, Metrohm, Herisau, Switzerland) with a conventional three-electrode
configuration with an Ag/AgCl/KClsat (198 mV vs. NHE) as a reference electrode (catalog
number 6.0726.100, Metrohm, Herisau, Switzerland), a glassy carbon rod as counter elec-
trode (cat. 132 6.1248.040, Metrohm, Herisau, Switzerland) and a gold classical electrode
(diameter 2 mm) as working electrode (Au, cat. 6.1204.320, Metrohm, Herisau, Switzerland).
A gold screen printed electrode, bare and modified (Au-SPE, 220BT Metrohm, (Metrohm
Italia, Herisau, Switzerland, Aux: gold; Ref: silver, diameter 4 mm) was also used as
working electrode.

Electrochemical impedance (EIS) was utilized to characterize the different modifi-
cations of the Au electrode surface. EIS experiments were carried out at equilibrium
potential called open circuit potential (OCP) without bias voltage in the frequency range
of 0.1-10 Hz using an ac signal of 10 mV amplitude at a formal potential of the redox
probe (0.22 V vs. Ag/AgCl), using Autolab Potentiostat/Galvanostat (Eco Chemie, Utrecht,
The Netherlands). Three-electrode cell configuration with Ag/AgCl as reference electrode
and the glassy carbon rod as a counter electrode was used for measures. EIS measure-
ments were carried out using 10 mL of PBS buffer solution containing mixture of 5 mM
Fe(CN)g>~ /Fe(CN)g*~, as electrochemical probe.

2.2. Preparation of Gold Modified Electrodes

Au/SWCNTs classical and SPE gold electrodes were modified according to a sim-
ilar procedure developed in our previous work for MWCNTs, by electrodeposition of
Au/SWCNTs sweeping the potential between +0.8 V and 0 V vs SCE for 25 scans at
0.05 Vs~ ! in a suspension containing 5 mg/mL of SWCNTs in 10 mM HAuCly containing
2.5 M NH4Cl1 [56,57].

The h-nPG classical and SPE gold electrodes were modified by electrodeposition of
h-nPG by initially sweeping the potential for 25 scans between +0.8 Vand 0 V vs. Ag/AgCl
at 50 mV s~ ! in a 10 mM HAuCly solution containing 2.5 M NH4Cl. Successively, a fixed
potential of —4 V vs. Ag/AgCl was applied to the modified electrode for 60 s in the same
solution, in order to allow the formation of pores, due to hydrogen bubbling. Finally, the
electrodes were further activated in 0.5 M H,SOy, by running CVs between 0 and +1.7 V
versus Ag/AgCl at a scan rate of 100 mV s~ for 25 cycles, until a well-defined CV was
obtained [58].

2.3. SEM Experiments

A high-resolution field emission scanning electron microscopy (SEM) (HR FESEM,
Zeiss Auriga Microscopy, Jena, Germany) was used to investigate the morphology of
the modified screen-printed electrodes. All samples were prepared using gold plates
(25 A~25 A~1 mm, ALS Co. Ltd., Tokyo, Japan) instead of gold electrodes.

In order to evaluate the Au content of the h-nPG modified screen-printed electrode,
energy dispersive X-ray spectroscopy (XPS) (Zeiss Auriga Microscopy, Jena, Germany)
measurements were performed. The EDX spectrum and data were collected during sample
surface scanning by SEM electron probe.

2.4. Raman Spectroscopy

Raman spectra were recorded at room temperature, in back-scattering geometry, with
an inVia Renishaw micro-Raman spectrometer (Wotton-under-Edge, Gloucestershire, UK),
using the 514.5 nm emission line from an Ar ion laser. The power of the incident beam was
about 5 mW. Repeated accumulations (20 scans x 20 s) were acquired on different sample
regions using a 50 x objective to check sample homogeneity. The spectra were calibrated
using the 520.5 cm ™! line of a silicon wafer.
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3. Results and Discussion
3.1. SEM Characterization

SEM experiments were carried out to investigate the morphology of the Au bare and
the Au/SWCNTs and h-nPG modified screen-printed electrodes (Figure 1, panels A-C). In
the case of the Au/SWCNTs electrode, it is possible to clearly note the presence of clusters
of AuNPs, with a distribution of nanoparticles in the range 50-250 nm diameter, onto the
Au electrode surface (Figure 1, panel B). The presence of SWCNTs has been confirmed
by Raman spectroscopy (see Section 3.2). The initial reduction of Au®t to Au® with the
formation of AuNPs probably facilitated the entrapment of the SWCNTs, allowing a good
electrode nanocoating.

As for the h-nPG modified electrode, the honeycomb-like feature with evenly dis-
tributed micropores of approximately 10-25 pm in diameter is clearly observed (Figure 1,
panel C). The magnified SEM image shows a highly porous branched structure with smaller
pores with a diameter of a few hundred nanometers (Figure 1, panel D). The porous struc-
ture permeates the gold electrode surface generating the typical sponge-like appearance. It
is interesting to note that a negative potential of —4 V vs. Ag/AgCl was necessary for the
formation of nucleation centers for the deposition of Au atoms and for the simultaneous
evolution of hydrogen bubbling, needed for pore formation. The deposition time of 60 s
is quite short compared to a similar method proposed by Kumar et al. [54], where the
optimum deposition time was found to be 400 s at the same applied potential, probably
thanks to the previous step of potential sweeping, not used in the other work.

In addition, SEM-EDX microanalysis was conducted to support the information
obtained with SEM images obtained for the h-nPG film. It shows the presence of only
Au element uniformly distributed in the nanoporous structure, indicating the successful
formation of the h-nPG film on the surface of the gold electrode (Figure 1, panels D and E).

EHT = 6.00kV WD = 25mm Signal A= SE2 Date :9 Jun 2021
File Name = Au bare  _024f Mag = 2 50 KX smesompes

Figure 1. Cont.
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Figure 1. SEM images of bare gold SPE (A); Au/SWCNTs gold SPE electrode (B) and h-nPG gold
SPE electrode (C); SEM image of the h-nPG gold SPE electrode with EDX analysis area (D); SEM-EDX
spectrum of the h-nPG gold SPE electrode (E). Magnification: 2500x (A), 50,000 (B), 2500x (C),
8785x (D); voltage: 10 kV.

3.2. Raman Characterization

Raman spectroscopy was utilized to demonstrate the presence of SWCNTs onto the
Au/SWCNTs modified electrode. The spectra clearly identified the presence of carbon
nanotubes (CNTs). Similar spectral profiles were observed in several surface spots, shown
in Figure 2. Signals at ~1358, ~1581 and at ~2710 cm ™! correspond to the D-(defect, photon-
defects interaction), G-(graphite, Eyy stretching mode of carbon atoms, and G’-bands
(second-order overtone of D band), respectively [59]. The absence of radial breathing modes
(RBM) in the range 130400 cm~!, a characteristic of singled-walled carbon nanotubes
(SWCTs), could be ascribed to the sharp increase of the background obscuring the low
intensity modes. No significant variations of the D-band to the G-band intensity ratios
(Ip/Ig, a measure of the structural disorder of the carbon material,) were observed on
the spectra of the samples with respect to those of pristine SWCNTs indicating that the
dispersion process did not yield an increase of defects.

The sharp bands, marked by a star in Figure 2, at ~450, ~616 and at ~975 cm~! are
attributed to sulfate anions adsorbed on surface arising from symmetric bending (v3),
antisymmetric bending (v4) and symmetric stretching (v1) modes, respectively [60].



Chemosensors 2021, 9, 229

8 0of 20

G
1581 G
2710
3
L
>
7]
[
Qo
<
&
£ P
[n'd 1358

| | | ‘ | | | | ‘ | | | | ‘ | | L1 ‘ | | | | ‘ L1 L1 ‘ |
500 1000 1500 2000 2500 3000
wavenumbers/cm’

Figure 2. Typical Raman spectrum of carbon nanotubes spots. Bands marked by a star (*) are due to
sulfates impurities. D, G, G’ are the typical D, G and G’ bands, respectively.

3.3. Electrochemical Characterization

The electrochemical behavior of both Au bare and Au-modified electrodes was stud-
ied using two electrochemical techniques, cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS), able to characterize the reversibility of the electron transfer
process and the charge transfer resistance at the electrode-solution interface, respectively.
The redox couple Fe(CN)s3~/4~ was used as anionic electrochemical probe for examining
the different platforms [58,61].

3.3.1. Cyclic Voltammetry Characterization

The unmodified and modified Au electrodes were electrochemically characterized
by using cyclic voltammetry experiments in a solution containing 5 mM [Fe(CN)®]3~/4-
and 0.1 M KClJ, at a scan rate of 50 mV s~!. Figure 3 shows the CV profiles of the bare,
Au/SWCNTs and h-nPG gold electrodes, respectively. All CVs show a couple of redox
peaks with a large increase of the anodic and cathodic peak currents and a decrease of
the peak-to-peak separation (AE}), after electrode modifications, due to the increase of
the electroactive surface area and reversibility of the systems, in both cases. The highest
anodic and cathodic peak currents were observed with h-nPG electrode, together with the
lowest AE;, value of about 87 mV, close to the theorical AE;, value (59 mV), typical of a
monoelectronic reversible mediator.

In addition, the effect of the scan rate on the current responses of the h-nPG electrode
has been evaluated. Figure 4 shows the CVs corresponding to different scan rates from 5 to
500 mV s~! and the linear relationship between the peak current values and the square
root of the scan rate. The corresponding linear equations for the anodic and cathodic
peak currents are I; (A) = —3.02 x 1075 +3.67 x 10* 012 (V-s~1) with the square of
correlation coefficient R? = 0.994, and I,c (A)=3.20 x 1073 + 3.76 x 10~* o2 (V.s71)
with R? =0.992. These results attest a diffusion-controlled mass transfer process at the
solution/h-nPG interface.
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Figure 3. CVs for Au bare (solid line), Au/SWCNTs (dashed line) and h-nPG (dotted line) gold
electrodes in 5 mM [Fe(CN)®]>~/4~ and 0.1 M KCl, v = 100 mV s~ L.
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Figure 4. CVs (a) of h-nPG electrode at different scan rates (5, 10, 25, 100, 200, 300, 500 mVs~1) and (b) the corresponding
peak currents vs. the square root of scan rate in 5 mM [Fe(CN)®]*~/4~ and 0.1 M KCL

All electroanalytical parameters before and after electrode modifications, such as AE,
electroactive areas (Ae), p values and the heterogeneous electron transfer rate constants
(ko) of the bare and the modified electrodes are reported in Table 1. In particular, the
electroactive area (Ae) of Au/SWCNTs and h-nPG electrodes resulted to be about 14 and
20 times larger than that reported for the bare electrode. This behavior can be ascribed
to the nano-structuration obtained with carbon nanotubes and to the 3D-network of the
h-nPG, which improves the electron transfer rate between the electrode surface and the
bulk solution. Consequently, the roughness factors p values reported in Table 1 increased
accordingly.

Table 1. Comparison of electroanalytical parameters before and after Au electrode modifications.
Ag Aubare = 3.10 mm?.

Sensor Eox/mV Eieqg/mV AEp/mV A (mm?) ko (cm s—1) o]

Au bare 283 126 157 2.86 0.85 x 1073 0.92
Au/SWCNTs 270 164 106 39.90 295 x 1073 13.31

h-nPG 263 176 87 59.20 3.98 x 1073 19.10
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The A, values have been evaluated using the Randles-Sevcik equation [60], which for
a reversible process is as follows:

Ip = 2.686 x 10° n%/2 A, Dy!/? Cy v1/? )

where I, is the voltammetric peak current (A), n the number of electrons (1 = 1), A. the
electroactive area (cm?), Dy the diffusion coefficient (7.6 x 107° cm? s~! for ferricyanide), Cy
the concentration (mol cm~2), and v the scan rate (Vs~1). In particular, the A values were
calculated by using the slope of the plot I, vs v1/2 for each electrode. The heterogeneous
electron transfer rate constant (ko values were calculated using the extended method
obtained by merging Klingler-Kochi and Nicholson-Shain methods, for totally irreversible
and reversible systems, respectively [62-65], and the roughness factors (p) from the ratio of
the electroactive (Ae) to the geometric area (Ag) of each electrode.

It is interesting to note that the ky value obtained in the case of Au/SWCNTs and
h-nPG electrodes resulted to be about four and five times higher than that obtained with
Au bare electrode, respectively, showing a relatively faster electron transfer kinetics, thanks
to the high conductivity of the gold nanostructures. Compared to the 20-times increase in
the electroactive area obtained with h-nPG electrode, the corresponding increase in the kg
value is quite limited. This can be ascribed to the fact that the [Fe(CN)]?~/4~ redox probe
has a fast kinetics and therefore its concentration at the outerpore rapidly drops to zero
without leaving to the redox probe enough time to reach the inner pore surface which is
not “utilized”.

3.3.2. Electrochemical Impedance Spectroscopy Characterization

EIS measurements were carried out for further characterization of the modified elec-
trodes. Figure 5 shows the Nyquist plots for the Au bare and the modified Au/SWCNTs
and h-nPG electrodes in 0.1 M KCl containing 5.0 mM Fe(CN)¢3~/4. It is known that the
Nyquist plot consists of a semi-circular part at high frequencies, which diameter repre-
sents the charge transfer resistance R, and a linear part at low frequencies, indicative of
systems with diffusion-controlled current [64]. The semicircle diameter depends on the
dielectric and insulating features at the electrode-electrolyte interface and can reveal its
properties. The EIS data were fitted and the corresponding equivalent circuits are reported
in Figure 6. A classical Randles circuit was successfully applied to fit Au bare (Figure 6,
circuit (b)), while circuit (a) was proposed for better fitting both h-nPG and Au/SWCNTs
modified electrodes.

As can be seen in Figure 5, the largest semicircle was obtained with the Au bare
electrode, which corresponds to a Rt value of 1540 Q) (Figure 3, panel a). The R value
progressively decreases with electrode modification, obtaining a R¢t value of 92 () with
Au/SWCNTs (panel b) and of 1 x 107° O with h-nPG electrode (panel c), indicating a
higher electron transfer rate in the redox probe, thanks to the conductivity of the gold
nanostructures. This effect is particularly evident with the h-nPG modified electrode in
the low-frequency region, probably because of the interconnected nanoporous structure,
suitable for facile electron transport.

The results of the electrochemical fitting by the equivalent circuits are reported in
Table 2. Moreover, the kinetic parameters iy (exchange current) and kg (electron transfer
rate constant) have been also determined by EIS measurements [64], using the equa-
tions R¢t = RT/nF iy and iy = nFAk °C, where C is the concentration of the redox probe
(mol cm~3) and A the electrode area (cm?). These results are in perfect agreement with the
kinetic parameters obtained by cyclic voltammetry discussed in the previous paragraph. It
is interesting to note that with this method the kg value for the h-nPG electrode was not
evaluated, being the process diffusion-controlled only (Figure 5, panel c).
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Figure 5. The Nyquist plots of Au bare (a), Au/SWCNT (b) and h-nPG (c) electrodes in 0.1 M KCI
containing 5.0 mM Fe(CN)63*/4*.
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Figure 6. Equivalent circuits used for fitting the experimental data: circuit (a) for h-nPG modified electrode and Au/SWCNTs
modified electrode (Randles circuit), and circuit (b) for Au bare electrode.
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Table 2. EIS results from the electrochemical Nyquist plots fitting.

Sensor SPE Rs/Q R/Q W/ohm s2  CPE/ohm s N N Caq/F ko (cm s—1) * ig (A) *
Au bare 97 1540 981 x 10~° 1x 10 0.9 - 121 x 1073 16.7 x 107°

Au/SWCNTs 76 92 896 x 1076 274 x 1074 0.3 - 1.4 x 1073 279 x 1076
h-nPG 181 1x107® 708 x 10~ - - 90 x 10 - -

* obtained by using a [R(Q[RQ])] modified Randles circuit for diffusionless electrode processes.

3.4. L-Ascorbic Acid Sensor

The electrochemical response of AA in 0.1 M phosphate buffer pH = 7.0 has been
investigated by cyclic voltammetry at bare and modified gold electrodes, as reported in
Figure 7. All CVs show an irreversible reaction without the cathodic peak in the reverse
scan, according to the following reaction mechanism, which involves the release of two
electrons and two protons [27]:

AA — dehydro-AA +2H" + 2e™ (2)

(a) (b)

4x10° -

8x107 1000 M 1000 pM

3x10° -
6x107

6
4x107 - 2x107 -

1(A)
1(A)

2x107 |- 1x10° -
oL
opMm 0 -
-2x107 ‘
_1)(10'6 L L L L L L I}
! 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8
E (V) vs Ag/AgCI
(V) vs Ag/AgC E (V) vs Ag/AgCl
(c)
-6
3x10° - 1000 pM
2x10° |
1x10° -
_ oum
z n
= oL
-x10°
2x10°
1 1 1 1 1 1 1
0.2 0.1 0 0.1

E (V) vs Ag/AgC

Figure 7. CVs of Au bare (a), Au/SWCNTs (b) and h-nPG (c) electrodes in 0.1 M PBS buffer (pH 7.4), 0.1 M KCl in absence
and in presence of different concentrations of AA (0; 10; 25; 150; 200; 400; 800; 1000 M), at v = 10 mV s 1.
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It appears evident that both peak current and peak position of AA oxidation change
with the modification of the electrode surface. Anodic peak currents obtained with
Au/SWCNTs and h-nPG modified electrodes exhibit higher peak currents and less positive
peak potentials than observed at bare electrode. In particular, the peak current potential
of AA oxidation at a bare Au electrode occurs at about 0.55 V vs Ag/AgCl (Figure 7,
panel a), decreasing to 0.45 V at Au/SWCNTs electrode (panel b) and to 0 V in the case
of h-nPG electrode (panel c). The positive potential shifts accompanied by an increase
in the peak currents of AA oxidation show that the modified electrodes have a catalytic
effect towards AA oxidation, being the catalytic effect of h-nPG electrode stronger than
Au/SWCNTs electrode. This result is consistent with the “discriminative amplification”
described by Park et al. [47], which occurs at nanoporous electrodes. The AA exhibits a
slow kinetics [66,67] and therefore the AA concentration at the outerpore does not fall to
zero and the AA oxidation takes place deeper inside the nanopores. Moreover, structural
defects and the low index crystalline faces in inner surface of the pores play a dominant role
in enhancing the electron transfer rate [50,68,69]. These effects can explain the improved
electron transfer kinetics with the marked shift of the anodic peak potential towards more
negative values.

As the oxidation reaction of AA is accompanied by a two-proton transfer (reac-
tion 1) [68], which is facilitated at higher pH values, it is possible that an increase in
the pH value would increase the peak currents and shift the peak potentials towards
more negative values, as already reported by some authors [40,70-72]. Nevertheless, a
pH value of 7.4 in 0.1 M phosphate buffer has been chosen in this study, as it is closer to
physiological conditions.

Figure 8 shows the linear part of the calibration curves of the modified AA sensors
(curves B and C). The calibration curve of the bare Au sensor was reported as comparison
(curve A). The linear equations for the three electrodes are listed as follows:

Ip (1A) = 0.001 Cap (M) — 0.07, R =1
Ip (1A) = 0.002 Cap (M) +0.22, R? = 0.99
Ip (LA) = 0.003 Caa (M) +0.29, RZ = 0.98

The three electrodes showed the same linear range between 5 and 400 uM, with a
detection limit (S/N = 3) of 3.8, 3.1 and 1.8 uM for the bare, Au/SWCNTs and h-nPG modi-
fied electrode, respectively. The linear range is relatively extended, but it covers the normal
range of AA concentration in human urine. The sensitivity resulted strongly enhanced
with both nanostructured modified electrodes compared to bare electrode, resulting to be
1.7 x 1072 pA uM~Tem ™2 and 2.5 x 1072 pA uM~lem~2 for Au/SWCNTs and h-nPG,
respectively, about 2 times higher values than that determined for the bare gold electrode
(1.0 x 1072 pA pM~Tem—2).

The h-nPG based sensor showed the highest sensitivity and was therefore chosen
for further characterization. The more sensitive differential pulse voltammetry (DPV)
technique was also performed with the h-nPG modified electrode. DP voltammograms
are reported at different concentration of AA in Figure S1 (Supplementary Materials). The
electrode sensitivity resulted to be higher with a linear range linear fitted by equation: I
(mA) = 0.01 [AA] (mM) + 11, R? = 0.991 between 2 and 800 M.

It is interesting to underline that very few nPG based sensors have been reported in
literature for AA detection. El-Said and Qiu [73,74] used an electrochemical deposition
and dealloying method, respectively, for the fabrication of nPG sensors for dopamine (DA)
detection in the presence of AA. Differential pulse voltammetry experiments showed two
well-separated oxidation peaks, allowing the selective determination of DA in the presence
of AA with both sensors, but the aim of these works was the detection of DA, being AA
studied only as a possible interferent at a fixed concentration.
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Figure 8. Calibration curves of Au bare (A), Au/SWCNTS (B) and h-nPG (C) modified electrodes in 0.1 M PBS pH =74,

KCl=0.1M.

Most sensors for AA detection recently reported in literature have been realized
through the development of efficient strategies for the modification and/or functional-
ization of novel electrochemical platforms, based on conductive polymers, metal oxides,
metallic nanoparticles and other nanomaterials, such as carbon nanotubes and graphene,
or on their combination for a synergistic effect, as reported in Table 3. The proposed
h-nPG sensor shows a clear enhancement of the electrochemical performances, in terms
of lower detection limit, extended linear range and better stability, compared to other
h-nPG based AA sensors reported in literature, as reported in the first three rows of Table 3.
Nevertheless, it exhibits a lower sensitivity and a higher LOD value when compared to
classical glassy carbon electrodes modified with metal nanocomposite materials [75-81].
On the other hand, these sensors have known drawbacks, such as long and complex syn-
thesis of metal nanoparticles, drop casting of the nanomaterial onto the electrode surface,
resulting in different loading causing poor reproducibility and stability, and electrode
surface biofouling. Conversely, the h-nPG based electrodes have the advantage to show
strong antibiofouling features [32] and to be prepared by a simple, fast and reproducible
electrodeposition method.
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Table 3. Comparison of the analytical performances of recently developed AA sensors.

oo Linear Range LOD Sensitivity -
Modified Electrode (UM) (uM) (LA M~ cm-2) Stability Ref.
h-nPG/AuE (dealloying) 320-3400 63.0 - - [32]
. 88% after
h-nPG/AuE (electrodeposition) 10-1100 2 - 5 weeks [28]
h-nPG/AuE (electrodeposition) 5-400 1.8 2.5 x 1072 98% after this work
1 month
PVP-GR/GCE 4-1000 0.8 - 83.6% after [75]
15 days
rGO/Fe30, /HP-8-CD/GCE 10-350 33 ; ~100% after [76]
1 month
P(Arg)-GO/AgNPs/GCE 4-2400 0.9 - - [77]
Au-PDNs/SPCE 10-240 02 x 1073 22 x 1072 ~99% after [78]
2 months
AgNC@PDA-NS/AuE 50-4000 6.4 8.4 x 1072 - [79]
87.5% over
rGO-poly(PR)/AuNPs/GCE 0.4-110 0.054 49 1 month [80]
92.33% after
GO/TmPO,/GCE 0.06-100 0.4 0.239 2 weeks [81]
97.9% after
poly-TB/GCE 1-630 0.1 0.46 s ek [39]

List of abbreviations: AuE = gold electrode; PVP = polyvinylpyrrolidone; GCE = glassy carbon electrode; rGO = reduced graphene oxide;
HP-B8-CD = hydroxypropyl-b-cyclodextrin; P(Arg) = poly(L-arginine); GO = graphene oxide; AgNPs = silver nanoparticles; Au-PDNs =
gold decorated-polydopamine nanospheres; SPCE = screen-printed carbon electrode; AgNC = silver nanocube; PDA-NS = polydopamine
nanospheres; poly(PR) = Procion Red MX-5B; TmPOj, = thulium phosphate; poly-TB = poly-Trypan Blue.

3.5. Reproducibility and Stability

The reproducibility of the h-nPG sensor was evaluated and expressed as relative stan-
dard deviation (RSD) for n = 8, where n represents the number of sensors used for the test
of 10 uM of AA. The RSD value was found 2.54%, attesting that the highly reproducibility
of the method.

The stability of the proposed sensor was also studied by measuring the anodic peak
current variations of each sensor when stored in pH 7.4 PBS for 1 month at 4 °C. The anodic
peak current retained about 98% of its initial value.

3.6. Interference Studies

The selectivity of the h-nPG sensor was tested by evaluating the effects of several
interfering compounds present in biological fluids on the determination of 100 M AA.
Initially, the interference of dopamine (DA) and uric acid (UA) were investigated, as they
frequently coexist in biological systems. They are easily oxidized at most conventional
electrodes at closed potentials, showing overlapping voltammetric signals. The anodic
peaks of AA, DA and UA overlapped at about 0.5 V vs. Ag/AgCl at bare gold electrodes
(curves not shown), while at h-nPG electrode the anodic peaks appear well resolved with
peak potentials at 0, 0.20 and 0.32 V vs. Ag/AgC(l, respectively, as reported in Figure 9, thus
not affecting the AA detection. The anodic shift of the peak potentials of AA, DA and UA,
which allows their selective determination, can be explained by taking into account that,
AA, DA and UA show slow electron transfer reactions [32,47,66]. The concentration of their
oxidized forms at the outerpore does not fall to zero, meaning that the reduction of the
oxidized species takes place deeper inside the nanopores. This “nanoconfinement effect”
results in an improvement of the electron transfer kinetics with a concomitant anodic shift
of the peak potentials.
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Figure 9. Cyclic voltammograms of AA 4 mM + DA 3 mM and UA 6 mM at h-nPG electrode in 0.1 M
PBSpH ="7.4,KCl=0.1M,atv=10mV s~

Successively, other possible interfering species such as glucose, L-cysteine, L-lysine,
urea, and citric acid were checked by adding equal quantities of the interferent and AA.
The results are shown in Table 4. No significant influence was observed for all interferences
with a relative error lower than 5%.

Table 4. Influence of interfering compounds on AA response of the h-nPG sensor. Interference
amount added = 500 M.

Interfering Compound [AA] M) Recovery (%)
Glucose 480 95
L-cysteine 490 98
L-lysine 495 99
Urea 475 95
citric acid 485 97

3.7. Real Samples Analysis

The feasibility of the proposed h-nPG sensor for clinical applications was tested by
detecting the AA concentration in human urine samples by using the low cost and easy-to-
use SPEs. The only sample pretreatment required was a proper dilution (1:10%) of the urine
samples using 0.1 M PBS pH = 7 in order to fit the linear range of the sensor. Different
concentrations of AA were added to three human urine samples supplied from laboratory
co-workers. All measurements were performed on a triplicate basis and the results were
compared with those obtained with a standard spectrophotometric method, by following
the absorbance at 570 nm. As shown in Table 5, the results obtained with the two methods
resulted in a very good agreement and allowed to ascertain the practical utility of the
proposed sensor for the detection of AA in human urine samples.

Table 5. Detection of AA in real human urine samples with h-nPG modified SPEs.

. Added Detected Spectrophotometric Recovery
Urine Sample ™) ™) Method (M) %)
1 10.0 10.56 10.34 105.6 + 0.72
2 20.0 21.16 20.86 105.8 +1.22

3 50.0 49.20 50.88 98.40 £ 0.29
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4. Conclusions

Two novel electrochemical sensors based on gold electrodes modified with Au/SWCNTs
and h-nPG have been realized and utilized for the detection of AA. Both CV and EIS
experiments confirmed the high electrochemical performances of the modified electrodes,
compared to the bare gold electrode. AA was determined in the linear range 5-400 uM
with detection limits of 3.1 and 1.8 uM, with Au/SWCNTs and h-nPG modified sensor,
respectively. The higher sensitivity showed by the h-nPG electrode over the bulk gold and
Au/SWCNTs electrodes can be attributed to the unique, highly curved morphology that
permeates the material, exhibiting a high density of steps and holes, which can facilitate
the electron transfer of AA.

Another strength of the proposed h-nPG electrode is its easy preparation method, by a
self-templated electrodeposition technique, compared to the dealloying methods reported
in literature for the fabrication of h-nPG electrodes for AA detection [32,74,80,81] which
means the harsh conditions needed for chemical dealloying can be avoided.

Moreover, the h-nPG sensor was successfully tested with disposable SPEs, properly
modified, for accurate detection of AA in human urine samples, with satisfactory results,
showing high recovery values. For these reasons, the proposed sensor may have promising
potential applications for non-invasive, reliable, fast, cheap and accurate monitoring of AA
at the POC.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/chemosensors9080229/s1, Figure S1: DP voltammograms recorded in 0.1 M PBS pH =74,
KCl =0.1 M at different concentrations of AA (10, 150, 250, 400, 800 mM) using h-nPG electrode.
Inset: calibration curve of AA.
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