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Abstract: The room-temperature synthesis of silver (AgNPs) and gold (AuNPs) nanoparticles from
aqueous solution of AgNO3 and HAuCly respectively, using Rumex roseus (RR) plant extract as a
reducing agent, is reported here for the first time. The nanoparticles obtained were characterized
by UV-Vis spectroscopy, transmission electron microscopy (TEM) and dynamic light scattering
(DLS). The formation of nanoparticles with spherical-shaped morphology was verified by TEM and
confirmed by UV-Vis spectroscopy through the analysis of Ag and Au plasmon resonance peak and
DLS measurements. New electrochemical sensors have been developed by employing the synthesized
Ag and Au nanoparticles as modifiers of glassy carbon electrode (GCE) and screen-printed carbon
electrode (SPCE), respectively. The AgNPs-modified GCE was investigated for the electrochemical
determination of hydrogen peroxide (H,O;). Further enhancement of electrochemical performances
was obtained using a nanocomposite made of AgNPs and reduced graphene oxide (rGO)-modified
GCE. The AuNPs-SPCE sensor was instead tested in the electrochemical sensing of riboflavin (RF). To
our knowledge, this is the first paper reporting Rumex roseus plant extract as a source for the synthesis
of metal nanoparticles and their use for developing simple, sensitive and reliable electrochemical
sensors for H,O, and RE.

Keywords: silver and gold nanoparticles; Rumex roseus; plant extract; electrochemical sensors;
hydrogen peroxide; riboflavin

1. Introduction

It is well known that metals at the nanometer scale may offer many advantages
in the electrochemical field, due to their high surface energy and conductivity which
help in catalyzing electrochemical reactions and enhance charge transfer at the electrode
surface. Thus, within the primary focus on the development of electrochemical sensors
for electroactive substances, a number of different metal nanoparticles (NPs) have been
proposed and applied as electrode modifiers [1,2]. In this respect, a special attention has
been given to silver and gold nanoparticles (named AgNPs and AuNDPs, respectively) due
to their large effective surface area, excellent conducting capability, fast mass and charge
transport and effective electrocatalytic characteristics [3,4]. Therefore, the preparation of
these metal nanoparticles by means of simple and reliable synthesis processes is of great
importance nowadays [5-7].

Among the large variety of methods proposed for the preparation of Ag and Au
nanoparticles, a great deal of attempts have been put into their synthesis by using plant

Nanomaterials 2021, 11, 739. https:/ /doi.org/10.3390/nano11030739

https://www.mdpi.com/journal /nanomaterials


https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0001-5059-1222
https://orcid.org/0000-0001-8999-060X
https://doi.org/10.3390/nano11030739
https://doi.org/10.3390/nano11030739
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/nano11030739
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano11030739?type=check_update&version=2

Nanomaterials 2021, 11, 739

20f 17

extracts [8-13]. This derived from the presence in the extract of a number of different
antioxidant molecules such as polyphenols, which are able to reduce metal ions into metal
species. It is noteworthy that hydroxyl and/or ketonic groups of these compounds are
also able to bind the as-formed metal nanoparticles, too, providing an enhanced stability
against their tendency to agglomeration. A lot of plants have been reported in the literature,
providing the basis for processes devoted to the synthesis of Ag and Au nanoparticles. For
example, Naznin et al. exploited the properties of Black Tea leaf extract, known to be rich in
antioxidant molecules, for synthesizing Ag and Au nanoparticles [14]. Rodriguez-Ledn et al.
prepared silver nanoparticles from silver nitrate using extracts of Rumex hymenosepalus [15].

In the present study, the synthesis and characterization of Ag and Au NPs using
plant extract of Rumex roseus (R. roseus, RR) has been described. Rumex roseus is a wild
local Tunisian plant. In a previous work, we have evaluated its composition, identifying
a number of phytochemicals [16]. Among the others, this plant contains a large amount
of phenolic compounds such as luteolin and ferulic acid. These molecules are potentially
strong reducing agents due to the presence of numerous OH™ and C=0O groups. However,
so far, to the best of our knowledge, this is the first report in the literature on the synthesis
of metal nanoparticles using the extract of Rumex roseus.

Here, we have investigated the sensing properties of the synthesized AgNPs and
AuNPs with the aim to develop electrochemical sensors by using these nanoparticles as
modifiers of glassy carbon electrode (GCE) and screen-printed carbon electrode (SPCE),
for the monitoring of hydrogen peroxide (H,O;) and Riboflavin (Vitamin B2, RF), respec-
tively. HyO, is an important molecule within the human body, playing various roles in
physiological processes, where it regulates cell growth, whereas, at high levels, HyO, can
be detrimental, causing inflammation and cell damage [17]. Riboflavin is essential for
the development of infant tissues, the function of the muscles, heart, the nervous system
and mental activity [18]. This vitamin is also involved in carbohydrate, lipid and protein
metabolism, red blood cell formation, respiration, antibody production and normal infant
growth [19]. HyO, cannot be determined at bare glassy carbon electrode, and the presence
of a modifier explicating good catalytic properties (e.g., PANPs) is necessary for obtain-
ing an acceptable electrochemical response [20]. Kadara et al. developed an unmodified
SPCE for the determination of riboflavin, applied to the analysis of food products [21]. To
introduce further improvements, the modification of electrodes is carried out by utilizing
various nanomaterials, including metal oxides and noble metals, primarily to overcome
the intrinsic limitations of bare electrodes, e.g., low sensitivity, scarce selectivity and poor
stability [1-3,22].

We have been also involved for a long time in the modification of material electrodes
for improving their performances towards hydrogen peroxide and several vitamins, in-
cluding riboflavin [23-26]. For example, Lavanya et al. fabricated a hydrogen peroxide
biosensor based on Ni-doped SnO, nanoparticles for H,O, sensing [23]. For promoting
the sensitivity towards the same analyte, Leonardi et al. used Pt-TiO, /reduced graphene
oxide nanocomposites [24]. Riboflavin and other vitamins” monitoring also benefit from
the enhanced performances of modified electrodes with Cu- and Cr-doped SnO; nanopar-
ticles [25,26].

In the course of these studies, it has been found that the electrochemical characteris-
tics of metals or metal oxides are remarkably improved by depositing them on reduced
graphene oxide (rGO) [24]. These observations are in agreement with many literature
reports; rGO, consisting of single planar sheets densely packed in a honeycomb crystal
lattice, is an ideal substrate for tethering metal nanoparticles and making more efficient elec-
trochemical sensors [27-30]. Then, in order to enhance the electrode performances, AgNPs
synthesized here were also dispersed on rGO to form AgNPs-rGO composite and followed
by evaluation of its efficacy in the modification of a GCE for HyO, electrochemical sensing.

Despite the advances in the field of electrochemical detection, there is still much study
to do regarding new materials and techniques in sensor design and manufacturing to be
proposed for making further improvements. Then, through the optimal combination of
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Rumex roseus

metal nanoparticles and electrochemical platforms, we have tried to obtain substantial
improvement in the electroanalytical determination of the analytes object of this study.

2. Materials and Methods
2.1. Chemical Reagents

The reagents and solvents used in this paper are as follows: distilled water (Millipore
Water Purifier, Merck, Darmstadt, Germany), methanol (99.8%, Sigma-Aldrich, Darm-
stadt, Germany), AgNOj3 (>99.0%, Sigma-Aldrich), HAuCly (>99.9%, Sigma-Aldrich),
isopropanol (99.5%, Merck), ethanol (99.8%, Sigma-Aldrich), HyO; (30% (w/w) in HyO,
Sigma-Aldrich), riboflavin (>98%, Sigma-Aldrich), phosphate buffer solution (PBS, Thermo
Fisher Scientific, Waltham, MA, USA) and ferrocyanide (K4[Fe(CN)g], 99%, Sigma-Aldrich).
The above-mentioned reagents have been used without further purification.

2.2. Synthesis of Ag and Au NPs

The preparation of Rumex roseus extract, NPs and rGO is described below. The extract
of Rumex roseus was obtained as follows: first, Rumex roseus whole plant was harvested in
February 2019, cleaned with tap water and dried under shade for one week. The dried
plant was ground into coarse powder by a mechanical grinder. The coarse powder was then
subject to maceration with methanol (100%) for 24 h (for 3 times) and filtered. The filtrates
were pooled and the solvent was removed using a rotary evaporator. The concentrated
extract was stored at 4 °C. More details about this procedure can be found in Reference [16].

AgNPs and AuNPs were obtained by adding, drop by drop, 5 mL of methanolic Rumex
roseus extract (6.67 mg/mL) to 45 mL of 1 mM aqueous solution of AgNO3; or HAuCly
respectively, at room temperature, under stirring conditions for 2 h (Scheme 1). The
reduction of metallic ions to Ag and Au nanoparticles was confirmed by visual color change
of the original solutions of AgNO3; or HAuCly respectively, and by UV-Vis measurements
with reaction time.

Silver Silver Nanoparticles
Nitrate Solution

‘
Chloroauric Gold Nanoparticles
Acid Solution

Scheme 1. General procedure for the preparation of silver (Ag) and gold (Au) nanoparticles (NPs).

rGO was synthesized by the method as described in our earlier report [30]. The
formation of rGO from GO was confirmed by Fourier Transform Infra-Red spectroscopy
(FTIR) and Raman measurements. The preparation of AgNPs-rGO composite was carried
out as follows: 1 mg of rGO was dispersed in water by sonication for 30 min and then 1 mg
AgNPs were added into the solution under stirring. Afterwards, the resulting suspension was
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kept in a microwave oven at 600 W for 10 min, and then cooled to room temperature. The
sample was centrifuged at 3000 rpm for 30 min and dried at room temperature.

2.3. Characterization

UV-Vis measurements were performed by using a Jasco V-570 Lambda 1050 (Perkin
Elmer, Boston, MA, USA) instrument. Transmission electron microscopy (TEM) analysis
was carried out with a Philips CM12 (Philips, Eindhoven, The Netherlands) instrument,
depositing a drop of the synthesized samples dispersed in isopropanol on the copper
grid coated with a carbon layer. The particle size distribution was measured using a
dynamic light scattering (DLS) Zetasizer Nano ZS ZEN3600 (Malvern, Worcestershire,
UK) instrument.

2.4. Modified Electrodes Fabrication

Modified glassy carbon electrodes (GCE) were prepared by using a bare GCE (~3 mm
in diameter, supplied by CH Instruments, Shanghai, China), polished with alumina pow-
ders (1.0, 0.5 and 0.3 um) and then rinsed with ethanol and distilled water and dried
at room temperature (RT). Then, 10 uL of the suspension of nanoparticles (AgNPs and
AgNPs-rGO) were drop-coated on the electrode, for preparing the AgNPs- and AgNPs-
rGO-modified electrodes respectively, and left to dry at RT. Electrochemical measurements
were performed using a conventional three-electrode cell with a platinum plate as a counter
electrode and an Ag/AgCl as the reference electrode. Electrochemical measurements were
carried out by using an electrochemical station CHI 660e Electrochemical Analyzer (CH
instruments, Shanghai, China).

Modified screen-printed carbon electrodes (SPCE) were prepared by using screen-
printed carbon electrode DRP-100 (DropSens, Asturias, Spain) as an electrochemical plat-
form. The bare SPCE is constituted of a 4 mm diameter carbon working electrode, a silver
pseudo-reference electrode and a carbon auxiliary electrode. To modify the bare SPCE, a
solution containing the nanoparticles was directly drop-casted onto the surface of working
electrodes and left at room temperature to dry until further use. Electrochemical measure-
ments with SPCE sensors were carried out by using a DropSens puStat 400 Potentiostat
(DropSens, Spain) empowered by Dropview 8400 software for data acquisition.

2.5. Electrochemical Tests

Cyclic voltammetry (CV) tests were carried out in PBS at scan rate of 50 mV/s, in the
presence of the investigated analytes (H,O, = 0-2500 uM; RF = 0-500 uM). Calibration
curves were obtained by plotting the peak current vs. analyte concentration in the potential
range —0.8 to +0.6 V for HyO,, and —0.8 to 0.0 V for RE. The sensitivity was computed as
the slope of the calibration curve, and the limit of detection (LOD) was calculated at Signal
to Noise ratio (5/N) = 3. The sensitivity and LOD were evaluated in the linear range of the
calibration curve.

3. Results and Discussion
3.1. Ag and Au NPs’ Preparation and Characterization

The procedure for the preparation of Ag and Au NPs is illustrated in Scheme 1. First,
the methanolic extract of Rumex roseus was obtained following the procedure reported in
our previous work [16].

The formation of silver and gold nanoparticles was monitored by UV-Vis measurement
of the reaction solution (see Figure 1A-C). The strong absorption in the UV range between
200 and 400 nm is due to the presence of methanol and organic compounds in the extract of
Rumex roseus. A similar finding was found for other plant extracts during the synthesis of
AgNPs and AuNPs [15,31]. At higher wavelengths, the adsorption is due to the plasmonic
peak of Ag and Au nanoparticles because no adsorption in this range was noted for the RR
plant extract and metal precursors.
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Figure 1. UV-Vis spectra recorded in the reaction solution for the synthesis of (A) AgNPs and
(B) AuNPs. Plasmonic peaks assigned to metal nanoparticles are indicated by arrows. (C) UV-Vis
spectra of the Rumex roseus (RR) plant extract and Au metal precursor are also shown.

As regards AgNPs synthesis, in the reaction solution after 2 h of reaction, a plasmonic
peak with a maximum of absorbance at a wavelength of 429 nm was found, which confirms
the formation of Ag nanoparticles at nanoscale. The broad plasmonic band suggests that
they are poly-dispersed. From the relationships between Ag plasmon peak wavelength
and particle size [32], the average value for the Ag size was calculated to be 58 nm.

A plasmonic band at 549 nm has also been recorded in the case of AuNPs. The
presence of a single plasmonic peak suggests that Ag and Au nanoparticles have an almost
spherical shape according to Mie theory [33]. Other authors reported similar findings by
using different plant extracts [34,35]. A confirmation of this has also been reported for
AuNPs synthesized by us using Rhanterium suaveolens plant extract in similar operative
conditions [36]. The particle size for the AuNPs sample, derived from the Au plasmonic
band, was found to be 80 nm [37]. No remarkable variation has been observed registering
the UV-Vis spectrum after 24 h from the NPs synthesis, confirming the stability of the
colloidal solution containing the Ag and Au NPs.

TEM analysis was performed to determine the size and shape of the obtained Ag
and Au nanoparticles. The round shape of Ag nanoparticles, foreseen by UV-Vis analysis,
was also confirmed by TEM analysis (see Figure 2A). The average diameter of AgNPs was
calculated to be 50 £ 45 nm. For the AuNPs sample, larger particles with a round shape
and an average diameter of 75 = 30 nm have been found (Figure 2B). The particle size
distribution for both samples, derived by counting an elevated number of particles (>150),
is reported in Figure 2C,D.

DLS was also used for analyzing the size distribution of the synthesized Ag and Au
nanoparticles in aqueous suspension. Differently from UV-Vis and TEM data, by this
technique, we can determine the secondary particle size of nanoparticles dispersed in a
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specific polar or non-polar solvent [38]. DLS spectra of AgNPs and AuNPs redispersed in
the aqueous solution are shown in Figure 3. The plot shows the volume (percent) of particle
light scattering against particle size. The two distinct peaks observed at 74 and 1100 nm
clearly indicate a bimodal distribution, signaling the polydispersities of the AgNPs in the
aqueous dispersion.
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Figure 2. Transmission electron microscopy (TEM) of (A) AgNPs and (C) AuNPs. Particle size
distribution of (B) AgNPs and (D) AuNPs.
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—t
.
-

Size (nm)

Figure 3. Dynamic light scattering (DLS) pattern for AgNPs and AuNPs.

The formation of these aggregates is likely due to the interaction between the AgNPs
and plant extract biomolecules which completely surround the metal core, consequently
leading to an increase of the hydrodynamic diameter.

The particle size distribution of non-aggregated AgNPs is centered around 74 nm,
which is larger than those measured by the other techniques used here. This finding
is usually reported when using DLS for measuring particle sizes. Indeed, as the larger
particles scatter the majority of the light, aggregate species have greater influence than
primary particles [38].

As in the case of AgNPs, the pattern of AuNPs shows a bimodal distribution. The
first peak is centered at around 85 nm, whereas the second peak is shifted at lower particle
size compared to the corresponding peak found on AgNPs and furthermore displays a
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weaker intensity, indicating a lower particle agglomeration. The comparison of the AgNPs

and AuNPs particle size distribution, derived by TEM and DLS analyses, confirms the
above findings.

3.2. Electrochemical Characteristics of Ag-NPs/GCE

Figure 4 displays a schematization of the modified electrochemical sensor fabrication,
performed by drop-coating of the modifiers on the top surface of the GCE, and its general
functioning principle for the determination of H,O, relying on the oxidation or reduction

of this analyte. The electrochemical performances of AgNPs- and AgNPs-rGO-modified
GCEs towards reduction of H,O, were evaluated here.

O Ag NPs .
Cd
- = A
w
()
(W) (%]
© =
-Ts]
<

Figure 4. Schematization of the fabrication of modified AgNPs/glassy carbon electrode (GCE). The electrochemical reactions
which can occur in the presence of H,O; are highlighted.

The behavior of the bare GCE, rGO/GCE, AgNPs/GCE and AgNPs-rGO/GCE was
evaluated by cyclic voltammetry (CV) in air-saturated 0.1 M HCI solution as electrolyte
at a scan rate of 50 mV/s (Figure 5). Bare GCE and rGO/GCE did not show any anodic

or cathodic current peak in their respective voltammograms due to the absence of redox
reaction on the surface of the electrode.

25
Bare GCE
204 rGO/GCE
—— AgNPs/GCE
rGO-AgNPs/GCE
15 1
<
=
= 104
)
=
=
Q
0 -
-54
-10

“0.2 0.0 0.2 0.4 0.6
E/V (vs. Ag/AgCl)

Figure 5. Electrochemical behavior of bare GCE, reduced graphene oxide (rGO)/GCE, AgNPs/GCE
and AgNPs-rGO/GCE in air-saturated 0.1 M HCl electrolyte at a scan rate of 50 mV/s.
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Instead, GCEs modified with AgNPs and AgNPs-rGO composite exhibited well-
pronounced anodic peaks at around 0.2 V, associated with the oxidation of the Ag® into
Ag*, while the reduction (cathodic) peak refers to the reduction of Ag* to Ag® [39]. The
AgNPs-1GO composite-modified GCE showed the highest redox couple intensity, due to
high dispersion of the AgNPs on the rGO support and the enhanced conductivity [40]. It
was also noted that there is a peak shift towards positive potential for the AgNPs-rGO
composite when compared to that of AgNPs. The observed anodic peak shift and broad
nature of the peaks of AgNPs and AgNPs-rGO composite might be due to the formation of
AgyO at a potential close to the that of AgO.

The cyclic voltammetric responses of the bare GCE, AgNPs/GCE, rGO/GCE and
AgNPs-rGO/GCE in the presence of 300 pM H,O, in 0.1 M PBS (pH 7.0) are shown in
Figure 6.

60 - Bare GCE
—— AgNPSIGCE 0)
rGO/GCE
40 4 rGO-AgNPs/GCE
E‘- 20 +
c
e
S 0
O
-20
40 -
(M
'60 T T T
-0.8 -04 0.0 0.4

E/V (vs. Ag/AgCI)

Figure 6. Cyclic voltammograms (CV) of bare GCE and rGO-, AgNPs- and rGO-AgNPs-modified
GCEs in the presence of 300 uM H,O; in 0.1 M phosphate buffer solution (PBS) (pH 7.0) and
(I) denotes the reaction of formation of AgO and (II) denotes the formation of Ag,O during the
potential scan.

It can be noticed that the tGO-AgNPs-modified GCE exhibits a strong reduction peak
of HyO, [19] at a potential of about —0.40 V when compared to other electrodes such as
bare GCE, Ag NPs/GCE and rGO/GCE. In addition, a pair of redox peaks was evidenced
at 0.45 and 0.054 V respectively, due to the formation and reduction of AgO (reaction I). A
small satellite oxidation peak appears at about 0.25 V corresponding to the formation of
Ag,0 (reaction II) [41]. This indicates the presence of mixed compounds AgO and Ag;0,
the major composition being AgO.

Ag,0 +20H™ — 2AgO+H,0 + 2¢~ 1)

2Ag+20H" — Ag,0 +H,0 4 2e~ (1)

Cyclic voltammetric studies with rGO-AgNPs-modified GCE were carried out for
various concentrations (35 to 1950 uM) of 1 mM H,O, at pH 7.0. CVs recorded after
applying baseline correction are shown in Figure 7A. The peak observed at 0.03 V, cor-
responding to the reduction of Ag, was found to decrease its intensity with the increase
in the concentration of HyO,. Initially, the reduction peak of H,O, appeared at —0.28 V
for lower concentrations of 35 uM to 400 uM, and the peak intensity increased with the
increase in the H>O, content and reached the maximum at 1950 uM. Moreover, a small
but systematic negative shift in the peak potential was also observed as a function of the
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H,0O; content. This behavior can be explained as follows. Actually, the observed cathodic
peak current is a direct measure of the rate of the electrochemical reaction taking place at
the electrode surface. At low concentrations of the analyte, mass diffusion occurs steadily,
but at high concentrations, the diffusion process is disrupted due to the deposition of
reaction products of H,O, on the electrode surface. In this condition, the electrochemical
system requires higher potential, resulting, therefore, in the shift in the peak potential from
—0.28 to —0.45 V with the increase in H,O, concentration.

0 (A)
-30
El
S -60 5 9
g 2 -10{
-90 g
-120 c -0.6 -0.
Y 1950 ”M E/V (vs. Ag/AgCI)
-06 -03 00 03 06 09 12 15
E/V (vs. Ag/AgCl)
0
L (B)
y= 11.86 - 0.064CH202
-40 -
2 _
< R<=10.995
=1
S
&
S -80+
(@]
-120 4

0 500 1000 1500 2000
Concentration (uM)

Figure 7. (A) CV of AgNPs-rGO/GCE recorded at a scan rate of 50 mV /s at different concentrations
of H,O, (from 35 uM to 1.95 mM) in 0.1 M PBS (pH 7.0). (B) Calibration curve for H,O,, deter-
mined taking into account the cathodic peak current at —0.45 V. The standard deviation of response
calculated from data in the calibration curve is 2.464 pA.

The calibration curve (Figure 7B) was plotted by taking all the peak currents as a func-
tion of concentration, which resulted in the regression equation y = 11.86 — 0.064 x Cp0p.
The slope over the linear range of 35 M to 1.95 mM was used to calculate the sensitivity
as 64 mA mM !, and the lowest detection limit of 1.1 uM with the signal-to-noise (S/N)
ratio of 3.

The anti-interference ability of the electrode has been tested by the chronoamperom-
etry method in the presence of 50-fold excess of potential interferents such as Na*, K,
NH,*, Mg2+, Cl—, SO,4%, glucose, urea, nitrite, serotonin, tyrosine, dopamine and uric
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Current/pA

Current/pA

acid (Figure 8A). From the results, it is observed that these interferents have no effect on
H>O, detection.

0 50
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25
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Figure 8. (A) Anti-interference ability of rGO-AgNPs/GCE in the presence of 50-fold excess of (a) Na*, (b) K*, (c) NH*,
(d) Mg2+, (e) C17, (f) SO4%—, (g) glucose, (h) urea, (i) nitrite, (j) serotonin, (k) tyrosine, (I) dopamine and (m) uric acid is
recorded by the chronoamperometric method in 0.1 M PBS (pH 7.0). (B) Cyclic voltammograms recorded for 50 cycles at
rGO-AgNPs/GCE in 800 uM of HyO, in 0.1 M PBS (pH 7.0) at a scan rate of 50 mV /s and inset shows the CVs of first
cycle and 50th recorded at AgNPs modified GCE. (C) Repeatability study was performed by making ten repetitive CV
measurements at rGO-AgNPs/GCE in 700 uM of H,O, in 0.1 M PBS (pH 7.0) at a scan rate of 50 mV/s. (D) CVs performed
for reproducibility of 10 different GCEs modified with rGO-AgNPs in 700 uM HO, in 0.1 M PBS (pH 7.0) at a scan rate of

50 mV/s.

The cyclic stability of the rtGO-AgNPs/GCE was studied by recording 50 cycles of CVs
in 0.1 M PBS (pH 7.0) containing 800 uM of H,O, at a scan rate of 50 mV /s and the results
are shown in Figure 8B. As shown in the insert of Figure 8B, there is a small decrease in
reduction peak current of H,O, which confirms the good cyclic stability of the electrode.
The current values from the first cycle and the 50th cycle were noted and used to calculate
the Relative Standard Deviation (RSD) value, which is found to be 8.2%.

The repeatability of the fabricated rGO-AgNPs/GCE was investigated by conducting
a series of ten repetitive measurements using the same electrode in 0.1 M PBS (pH 7.0)
containing 700 uM H,O,. The peak current due to the reduction of HyO, at each mea-
surement was noted and the RSD value was calculated as 2.8%. In order to study the
reproducibility of the fabricated sensor, ten different rGO-AgNPs-modified GCEs were
prepared under identical conditions. CVs were recorded for all the modified electrodes in
0.1 M PBS (pH 7.0) solution containing 700 uM HO,. The value of RSD was calculated by
noting the reduction current at each CV and it was found to be 2.81%.
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3.3. Electrochemical Characteristics of AuNPs/SPCE

The suspension containing the AuNPs was also used to fabricate AuNPs-modified
electrode screen-printed carbon electrodes. Using SPCE presents many advantages com-
pared to GCE, such as low cost, simpler operation and easy mass production using thick
film technology [42]. These advantages have been extensively used for developing novel
electrochemical sensing platforms for practical applications [43]. Indeed, screen-printed
electrodes can be used as disposable devices. Further, as the working electrode is printed
into a very small area, the electrode materials needed for its fabrication are minimal. Con-
sequently, screen-printed sensors are cheaper and can be manufactured in high volume at
very low cost.

Here, we report data on the investigation of the electrochemical characteristics of
the AuNPs/SPCE for the electroanalytical determination of RF. A picture of the modified
AuNPs-SPCE and the representation of the reversible electrochemical oxidation-reduction
of riboflavin, involving a two-electron process, is reported in Figure 9.

O4H|1C5 H 04H11CS

| |

N. _N__O 2e° N. _N__O
LXK 5 XX

N NH 2H N/ NH

H O (0]

AuNPs-SPCE

Figure 9. Picture of the modified AuNPs-screen-printed carbon electrodes (SPCE) and representation
of the electrochemical reactions exploited for the detection of riboflavin (RF).

Due to the reversible oxidation and reduction reactions involving RF, both of these
processes can be investigated over the most commons electrodes, depending on the poten-
tial conditions applied. Most of the studies on the electrochemical detection of RF relies on
the cathodic reduction on the electrode surface [44]. However, many investigations also
report the electrochemical detection of RF through the anodic oxidation [45-47].

First, we evaluated the effect of AuNPs on the electrochemical characteristics of the
bare SPCE platform by cyclic voltammetry (Figure 10), by using ferrocyanide (10 mM
K4[Fe(CN)g]) as a probe, in 1 M phosphate buffer solution (PBS) at a scan rate of 50 mV/s.
CVs of modified AuNPs/SPCE show the characteristic redox couple of ferrocyanide which
appears to be increased in intensity compared to bare SPCE; furthermore, the peak dif-
ference is somewhat reduced (354 mV), suggesting that AuNPs help the electron transfer
reaction and also favor the redox reaction. As regarding the AuNPs’ loading, a volume of
2 uL of AuNPs (having a concentration of 5 mg/mL) dipped in SPCE has been demonstrated
to be sulfficient in order to obtain the maximum response. By considering the result obtained,
the SPCE modified with 2 uL of AuNPs solution was used in the subsequent experiments.

The determination of electrochemical active area (ECSA) values is of great importance
to obtain a comparison of the performances between different electrodes and can provide
helpful indication about changes at the electrode interface after modification. Indeed, the
observed improvement in redox peak current values of AuNPs-based electrodes could be
attributed to faster electron transfer kinetics and its larger electroactive surface area. The
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Randles-Sevcik formula was employed to find out the active surface area of the SPCE and
AuNPs/SPCE by using the K4[Fe(CN)s]/K3[Fe(CN)g] as a redox probe:

Ip=2.69 x 10° n*/2 AD/2 C v!/? 1)

where I, is the current peak measured at redox potential, 7 = 1 is the number of electrons
transferred in the redox event, A = 0.126 cm? is the electrode surface area (cm?), D = 7.6 x
107% em? s~ is the diffusion coefficient (cm? s~1), C is the redox probe concentration (in
the range 1 to 10 mM (10~° to 10~° mol cm?®)) and v = 0.05 is the potential scan rate (Vs~1).
From the slope of the Equation (1), the calculated areas for SPCE and AuNPs/SPCE were
found to be 0.238 and 0.346 cm? respectively, confirming that the modified AuNPs/SPCE
provides a 50% larger ECSA than bare SPCE.

200

1504 —— bare

100 -

50 +

Current (UA)

-100 422
-150 +

-200 4

RRAUNPs/SPCE 10.0 mM K [Fe(CN)_]

06 04 02 00 0.2 0.4 0.6 0.8
E/V (vs. Ag/AgCI)

Figure 10. Cyclic voltammograms of bare SPCE and modified SPCE with different loading of dipped
AuNPs. Scan rate 50.0 mV/s in 0.1 M PBS solution containing 10.0 mM K4[Fe(CN)g¢].

In order to find the optimal conditions for RF determination with the developed
AuNPs/SPCE, we carried out a series of tests in the absence and presence of riboflavin, and
changing the potential direction in both the positive or negative direction. Figure 11A,B
compare CVs obtained for the bare SPCE and modified AuNPs/SPCE respectively, in
the absence and presence of riboflavin in 1 M PBS, changing the potential in the positive
direction, starting from the potential value of —0.8 to 0.0 V. Many differences between
SPCE and modified AuNPs/SPCE can also be observed in the absence of riboflavin. The
most important is related to the greater capacitive current registered on the modified
AuNPs/SPCE, as clearly evidenced by the larger CV cycle compared to the narrow cycle
of the bare electrode. Such behavior can be explained with the increased surface area of
the working electrode introduced after AuNPs’ modification. Further, in the modified
electrode, a large cathodic peak is present at around —0.65 V. We supposed that this
peak can be due to cathodic reduction of residual O in the electrolyte solution. The CV
curve of AuNPs/SPCE in the presence of RF is characterized by the presence of a pair of
peaks at —0.551 and —0.567 V, with a peak-to-peak separation (AEp) of only 16 mV, which
is indicative of a reversible oxidation/reduction process of RF on the electrode surface.
However, the anodic peak displays a very low intensity compared to the cathodic peak.

Figure 11C reports the tests carried out as above but changing the potential in the
negative direction, starting from the potential value of 0 to —0.8 V. A redox pair of high
intensity was obtained at —0.548 and —0.651 V, with a AE,, of 103 mV. The ratio of redox
peak currents (Ipa/Ipc) was ~0.9, which is a characteristic of the quasi-reversible electrode
process. From these tests, it appears that the latter procedure is more effective for ob-
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taining better performances, so it was considered for the electroanalytical tests for the
determination of riboflavin with the modified AuNPs-SPCE.

10

A) bare SPCE

) MM of RF
= 68MM of RF

Current (UA)
&

PBS 50mV/s

-0.8 -0.6 0.4 0.2 0.0
E/V (vs. Ag/AgCI)

B) AuNPs-SPCE

~ O -
<
=)
c -5+
e
S
>
O -104 — 0 mM of RF
— 68MM of RF
-15
PBS 50mV/s
-20 T T T
-0.8 -0.6 -0.4 -0.2 0.0
E/V (vs. Ag/AgCl)
60

C) AuNPs-SPCE
40 4

20 4

Current (UA)

— 0 mM of RF
— 68MM of RF

PBS 50mV/s

0.8 0.6 0.4 02 0.0
Potential (V)
Figure 11. Electrochemical behavior of (A) bare SPCE and (B,C) AuNPs-modified electrode in the

absence and presence of riboflavin. CV was performed in de-aerated 1 M PBS at a scan rate of
50 mV/s. The arrows indicate the direction of the starting potential scan.
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In Figure 12A, the Linear Sweep Voltammetry (LSV) analysis with the modified
AuNPs-SPCE of different concentrations of riboflavin (from 0 to 70 pM) is reported. Ex-
perimental conditions are the same as applied to obtain the CV curves. Well-defined LSV
curves have been reported, allowing to derive the calibration curve reported in Figure 12B.
First, the stability of the LSV measurement obtained with the AuNPs/SPCE sensor has
been confirmed by the low RSD value (<3.5%) computed on a series of 25 repeated mea-
surements in the presence of 500 uM of riboflavin. Further, no remarkable variation of the
anodic peak current and potential was observed after a long period of use (3—4 months),
indicating that no or little deterioration of the electrode performances occurred also in
an extended period. The reliability of the sensor was evaluated by the determination
of RF concentration by repetitive measurements (n = 3) with the same electrode. The
RSD for 50 pM RF determination was found to be less than 5%, demonstrating its good
signal reproducibility. A well-linear trend was observed in the range 0-70 uM. The linear
regression equation was deduced as y = —0.403x + 0.0127 with a R? value of 0.980 and LOD
was calculated as 1.3 uM at S/N = 3.

-30 4
AuNPS/SPCE A)
-40 -
— RF conc.
<
3. — M
::'/ — 2 uM
& 50 i
E —
o i
-60 - 68 uM
704 i v i PBS 50mV/s
0.7 0.6 05
Potential (V)
0
AuNPs-SPCE B)
-5
-10
:(5 -15
=
S
S 204
5
O »5 y = -0.403x + 0.0127
R®=0.980
-30
-35 dy

0 10 20 30 40 50 60 70
RF concentration (uM)

Figure 12. (A) Linear Sweep Voltammetry (LSV) of AuNPs/SPCE, performed in 0.1 M PBS electrolyte
and in the presence of different concentrations of RF. (B) Calibration curve for the determination of
RF. The standard deviation of response calculated from data in the calibration curve is 7.623.

A verification of the literature data (compare Table 1 in Reference [48]) indicates that
our developed sensor shows characteristics close to the state-of-the-art riboflavin sensors.
These performances demonstrate that the modification of the SPCE with gold nanoparticles
has introduced a lot of advantages in terms of higher sensitivity and lower detection limits
towards riboflavin with respect to bare electrodes.
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4. Conclusions

In summary, the electrochemical behavior of Ag and Au NPs obtained by using Rumex
roseus plant and finalized to the development of new modified electrochemical sensors was
reported here. It was demonstrated that the phytochemicals (in particular, the polyphenols
fraction) contained in the Rumex roseus extract act effectively as reducing agents for the
Ag* and Au*? ions. The reduction process led to the formation of nearly spherical Ag and
Au nanoparticles. Glassy carbon electrode and screen-printed carbon electrode have been
modified by these nanoparticles and the electrochemical and electroanalytical performances
for the hydrogen peroxide and riboflavin determination have been investigated. The
modified electrodes greatly improved the current response to these target analytes and
resulted in good sensing performance. The promising preliminary results of this study
encourage us to continue in the search and optimization of the method of preparation of
metal nanoparticles by plant extracts for developing novel electrochemical sensors.
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