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ABSTRACT: A AuNP-modified screen-printed carbon electrode (AuNP/SPCE) for
monitoring important biomolecules, such as dopamine (DA) and riboflavin (RF), having a
high potential for personalized medicine and for continuous monitoring of human health is
here proposed. AuNPs were synthesized using the extract of Rhanterium suaveolens as a
reducing medium and were characterized by UV−vis spectroscopy, dynamic light
scattering (DLS), and scanning and transmission electron microscopy (SEM and TEM).
The synthesized AuNPs appear spherical and present a bimodal size distribution with a
maximum centered at around 30−50 nm. Cyclic voltammetry (CV) experiments
demonstrated that the modified AuNP/SPCE sensor exhibits superior electrochemical
performances to the bare SPCE. Low limits of detection (LODs) of 0.2 and 0.07 μM at S/
N = 3 and sensitivities of 550.4 and 2399 μA mM−1 cm−2 were registered for DA and RF
detection, respectively. Results demonstrate the promising electrochemical characteristics
of the synthesized AuNPs and developed AuNP/SPCE electrochemical sensor for the
determination of these important biomolecules.

1. INTRODUCTION

In recent years, researchers are frequently looking at the use of
natural ecological sources for producing nanomaterials for a
variety of applications.1 For example, natural bioresources have
attracted significant attention for the preparation of electrode
materials, conductive supports, and additives for electrodes,
which are of high interest in the realm of electrochemical
applications.2 To be specific, the synthesis of metal nano-
particles with outstanding electrocatalytic properties is of
prominent interest for the development of novel electro-
chemical sensors.3 The conventional methods for metal
nanoparticle synthesis are generally expensive and often
involve the use of complex procedures, which may pose
many limitations for practical applications. Therefore,
researchers have devoted recently their attention to the
development of more efficient and simple methods for their
synthesis.4 The production of metal nanoparticles using plant
extract as a reducing agent is considered a viable alternative to
conventional chemical and physical methods.5 In addition, the
method allows the large-scale production of metal nano-
particles at a faster rate and in various shapes and sizes in
comparison with metal nanoparticles produced by other
methods.6 Despite these advantages, more work is needed to
make reliable the preparation of nanoparticles by means of this
method. In particular, there are still many factors to be better
understood; for example, the knowledge of the main reducing

substances present in the extract should be known so that a
precise and repeatable method can be established.
Gold nanoparticles (AuNPs) have received much attention

in the last years in the electrochemical field because of their
interesting properties, such as large surface-to-volume ratio,
high biocompatibility, high stability, and fast electron transfer.7

To fit the scope, AuNPs have been synthesized by different
chemical and physical methods.8,9 Owing to their importance,
many efforts have been dedicated to the synthesis of AuNPs by
utilizing various plant extracts.10 For example, plant extract
from Aloe vera has been utilized in the synthesis of AuNPs
owing to its high content of reducing agents.11 Green synthesis
of AuNPs was reported using Centella asiatica extract,12

Magnolia kobus and Diopyros kaki,13 pear fruit extract,14 and
Rhodo pseudomonas15 and Cape aloe active components.16 The
efficacy of these plant extracts has been related to the presence
of a large variety of substances with high reducing activity, such
as polyphenols. These latter are considered good reducing
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agents for synthesizing metal nanoparticles due to the presence
of carboxyl groups and hydroxyl groups in their molecules.17

In the present study, the green synthesis of AuNPs has been
carried out using the plant extract of Rhanterium suaveolens.
Among the other phytochemicals present in the extract of this
plant, a number of phenolic compounds have been also
identified. The profile of these phenolic compounds has been
reported in a previous paper.18 Some of these, such as p-
coumaric acid and ferulic acid, are present in high amounts and
can act as reducing and stabilizing agents during the synthesis
of AuNPs.19

AuNPs play a key role in the recent advances in biomedical
applications.20 Along with biocompatibility, the electro-
chemical properties of gold nanoparticles have attracted
significant attention for a wide range of biosensing
applications. Among these, the development of electrochemical
sensors for the quantification of biomolecules in physiological
fluids, such as dopamine (DA) and riboflavin (RF), is an
important scientific and applicative research field with
implications in human health. Dopamine (DA) is a neuro-
transmitter playing a crucial role in our body, regulating
cognitive processes such as attention and working memory by
acting on a range of receptors in the brain. Alterations in the
DA concentration have a strong association with different
neurodegenerative diseases such as Parkinson’s.21 Riboflavin
(RF), also called vitamin B2, is the major component of the
cofactors flavin adenine dinucleotide (FAD) and flavin
mononucleotide (FMN), and it is required for a variety of
enzyme reactions including activation of other vitamins.
Vitamin B2 is an essential component of the human diet; it
plays indeed a key role in energy production from
carbohydrates, acids, and fats for the body and can be found
in many foods such as milk, meat, eggs, nuts, enriched flour,
and green vegetables.22

Due to their importance, a large variety of analytical
techniques have been proposed for monitoring these
biochemical substances. On the other hand, conventional
analytical methods are generally time-consuming and need
complicated sample processing and procedures, high-cost
instruments, and well-trained personnel. Electrochemical
sensors are instead much more simple, cheaper, easy to use,
and suitable to be implemented in lab-on-chip devices. Many
electrochemical sensors have been then developed in recent
years for dopamine and riboflavin sensing with the sensitivity,
selectivity, and accuracy suitable for their use in food and

biomedical applications.23−33 However, only a few electro-
chemical sensors have been reported so far for simultaneous
determination of dopamine and riboflavin. Furthermore, they
rely on complicated electrode modifications by composites to
improve the electrochemical response or deposition on glassy
carbon electrodes.
The use of screen-printed carbon electrodes (SPCEs), which

are inexpensive, smaller, and suitable for mass production by
thick-film technology, make simpler the fabrication of
electrochemical sensors for testing their possible practical
applications.34,35 Therefore, here, we proposed a novel screen-
printed platform modified by gold nanoparticles. Its enhanced
performances have been investigated in the electrochemical
analysis of dopamine and riboflavin and correlated to the large
effective surface area, fast mass transport, and effective
electrocatalysis of AuNPs synthesized by the simple method
proposed. The presently developed sensor was able to
determine riboflavin in real samples such as pharmaceutical
formulations.

2. RESULTS AND DISCUSSION
2.1. AuNP Preparation and Characterization. The

procedure for the synthesis of AuNPs is illustrated in Scheme
1. First, the methanolic extract of R. suaveolens was obtained as
described in detail in Section 3 and in a previous paper.18

Then, it was added, drop by drop and under stirring
conditions, to the solution of AuCl4

− ions. Initially, the
HAuCl4 solution had a pale yellow color and a pH of 4.5.
Within 15 min, the color changed to purple-red, indicating the
fast reduction of Au ions.
The course of the reaction was monitored by UV−vis in the

425−675 nm range, following the increase of the characteristic
plasmonic resonance band (see Figure 1a) due to the
formation of gold nanoparticles.36 A rapid increase in the
intensity of the plasmon absorption band was initially
observed. This is in accordance with the fact that in an acidic
medium the reduction of gold ions occurs at a very fast rate.37

As the reaction proceeded, the concentrations of AuCl4
− ions

decreased, leading to an increase of the solution pH.
Preliminary experiments carried at an almost neutral pH
value (i.e., 7.4) evidenced that the equilibrium between the
gold ions present in the solution is shifted toward gold hydroxo
complexes, which are in fact reduced at a lower rate. By
following the intensity of the plasmon absorption band
centered at 530 nm, the reduction reaction appears to be

Scheme 1. Schematic Procedure for the Preparation of AuNPs
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completed after about 100 min (see Figure 1b). From the well-
known relationships between the plasmon resonance peak and
gold particle size,36 an average size of 47 nm was calculated.
This value was compared with those obtained independently

from other techniques, i.e., dynamic light scattering (DLS),
scanning electron microscopy (SEM), and transmission
electron microscopy (TEM). DLS measurements (Figure 2)
show a bimodal distribution with the majority of AuNPs
having a particle size in the range between 20 and 50 nm. The
second component of larger particle size, in the range 100−300
nm, is also identified in the DLS pattern, even if takes into
account only a minority of AuNPs. These findings are also
confirmed by SEM analysis (see the inset in Figure 2), showing
round Au particles of around 30−50 nm diameter. However,
some larger particles, extending up to 100 nm, are also

observed. The much larger size of the AuNPs measured using
DLS, as compared to SEM analysis, is due to the well-known
overestimation of particle size by the DLS technique, which
provides information about the hydrodynamic diameter rather
than the actual diameter of AuNPs.38

The AuNP sizes here obtained fell within the range of values
reported in the literature. Most of the studies on the
biosynthesis of AuNPs from plant extracts report sizes of the
obtained AuNPs between 10 and 50 nm, depending on
different process parameters like the effect of pH, stirring
conditions, temperature, and concentrations of plant extract
and gold ions.39

The characterization of AuNPs has been extended also on
the nanoparticles deposited on the working carbon electrode
to fabricate the modified AuNP/SPCE. The surface morphol-
ogy of the carbon working electrode of bare SPCE is shown in
the SEM micrograph reported in Figure 3a.
The porous structure of the working electrode is clearly

visible (see also the inset in Figure 3a, which shows high
magnification of the working electrode surface), and this may
help to maintain the AuNPs in a highly dispersed state. TEM-
EDX analysis reported in Figure 3b,c shows the nanoparticles
on the surface of the carbon electrode. EDX mapping (red
color in Figure 3c is the signal coming from the Au element)
confirms that nanoparticles seen in TEM images of Figure 3b
are AuNPs covering the surface of the working carbon
electrode. They appear to have a spherical shape and a large
particle size variability as deduced before by SEM and DLS
measurement.

2.2. Electrochemical Tests. The electrochemical behavior
of the bare SPCE and modified AuNP/SPCE (or RSAuNP/
SPCE, where it is specified that AuNPs have been synthesized
using the R. suaveolens (RS) extract) was evaluated by cyclic
voltammetry (CV) in 1 M phosphate buffer solution (PBS) at
a scan rate of 50 mV s−1. Figure 4 shows the cyclic
voltammograms of both electrodes in 10 mM K3Fe(CN)6.
On bare SPCE, a reversible voltammogram for the redox
couple Fe(CN)6

3−/Fe(CN)6
4−, showing a pair of well-defined

redox peaks with the anodic and cathodic peak potentials of
0.400 and −0.176 V, respectively, and a peak potential
difference of 576 mV, was observed.
Cyclic voltammograms of the modified AuNP/SPCE

electrode appear to be increased in intensity; furthermore,
the peak difference is somewhat reduced (354 mV). This

Figure 1. (a) UV−vis spectrum of the reaction mixture at different
reaction times. (b) Trend of the intensity of absorbance measured at
the maximum of the Au plasmonic resonance vs the reaction time.

Figure 2. DLS spectrum of AuNPs in diluted aqueous solution. The inset shows the SEM image of AuNPs in the powder form.
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indicates that AuNPs help electron transfer reaction and also
favor the redox reaction.
Because the number of AuNP layers deposited on the

working electrode influences the electrochemical detection, to
optimize this parameter, we prepared a dispersion of AuNPs at
a concentration of 5 mg mL−1; then, we loaded the working
electrode with different amounts of AuNPs by using different
volumes (2, 4, and 6 μL) of the prepared dispersion. The
electrode loaded with 2 μL of AuNP dispersion dipped on
SPCE has demonstrated an optimal response considering its
lower nanoparticle loading with respect to the other electrodes.
Then, electrochemical tests were carried out in the presence

of dopamine and riboflavin. Figure 5a presents the cyclic
voltammograms obtained for the bare SPCE and modified
AuNPsSPCE, respectively in the absence and presence of
dopamine. Whereas no peak has been observed on these
electrodes in the absence of dopamine, SPCE shows an
oxidation peak at around 105 mV vs Ag/AgCl in the presence
of dopamine. It is clearly noted that, on modified AuNP/
SPCE, the oxidation peak has been shifted to negative
potential compared to that on the bare electrode. The
oxidation peak is at around 80 mV vs Ag/AgCl, and also, it
presents a significantly higher intensity than that on bare

SPCE. These findings reveal that AuNP/SPCE has a better
electrocatalytic effect on dopamine.
Figure 5b presents the cyclic voltammograms obtained for

the bare SPCE and modified AuNP/SPCE in the absence and
presence of riboflavin. CV curves obtained in the presence of

Figure 3. (a) SEM image showing the surface of SPCE. The inset in (a) shows high magnification of the surface of the carbon electrode. (b) TEM
image showing AuNPs on the surface of the carbon electrode. (c) Energy-dispersive X-ray (EDX) mapping image.

Figure 4. Cyclic voltammograms of bare SPCE and modified SPCE
with different loading amounts of dipped AuNPs. The scan rate is
50.0 mV s−1 in 10.0 mM K3Fe(CN)6 containing 100.0 mM KCl.

Figure 5. Electrochemical behavior of the AuNP-modified electrode
in the absence and presence of (a) DA and (b) RF. CV was
performed in 1 M PBS electrolyte at a scan rate of 50 mV s−1.
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riboflavin are characterized by the presence of a pair of peaks at
−0.52 and −0.54 V on the bare SPCE and at −0.5361 and
−0.601 V on the AuNP-modified electrode, which are related
to the reversible oxidation/reduction process of RF on the
electrode surface. However, on the SPCE electrode, the anodic

peak intensity is very low, suggesting low electrocatalytic
activity of the unmodified electrode for the oxidation reaction
of RF. The behavior of the modified AuNP/SPCE is similar to
that previously described for dopamine. The best performances
of the modified electrode can be associated with an increase of

Figure 6. Effect of scan rate from 0.05 to 0.4 V s−1 on cyclic voltammograms of AuNP/SPCE of (a, b) 500 μM DA and (c, d) 500 μM RF.

Figure 7. (a) LSV curves for bare SPCE, performed in 0.1 M PBS electrolyte and in the presence of different concentrations of DA (0−60 μM).
(b) LSV curves for AuNP/SPCE, performed in 0.1 M PBS electrolyte and in the presence of different concentrations of DA (0−60 μM). (c)
Calibration curve for the determination of DA in the range 0−500 μM. (d) Calibration curve for the determination of DA in the range 0−60 μM.
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the effective surface area of the working electrode, which leads
to an improvement of the electrocatalytic oxidation activity
toward these analytes. This is confirmed by the fact that,
compared to bare SPCE, AuNP/SPCE exhibits a larger CV
cycle, which can be associated with the higher surface area of
the AuNP-modified electrode.
Studies were also performed while monitoring the current

peak as a function of the scan rate (ν) in the range of 50−400
mV s−1 (Figure 6a,c) in 1 M PBS containing DA and RF.
For both analytes, the anodic and cathodic peak currents

increased linearly with the scan rate (Figure 6b,d), indicating
the occurrence of a redox process involving surface-confined
species.40 As can be seen, by increasing the scan rate, the
anodic and cathodic peak potentials shifted toward positive
and negative directions, indicating charge-transfer kinetics
limitations.
2.3. Electroanalytical Characteristics of the AuNP/

SPCE Electrode. Owing to the good electrochemical
characteristics of the AuNP/SPCE, we investigate its electro-
analytical properties toward the quantitative determination of
DA and RF by the linear sweep voltammetry (LSV) technique
(Figures 7 and 8).
Looking at the LSV curves for the bare and modified

electrode (Figure 7a,b, respectively), it can be noted the strong
increase of dopamine anodic peak current when the SPCE

electrode is modified with AuNPs. A linear increase of the
current peak intensity was recorded by increasing the DA
concentration in the range from 0 to 60 μM (Figure 7c). This
has been verified also by tests performed in a larger interval of
DA concentration (from 0 to 500 μM). The calibration curve
for dopamine on the AuNP/SPCE (Figure 7c) shows two
distinct linear regions: one at a lower concentration (from 0 to
100 μM) and another at a higher concentration (100−500
μM). Figure 7d highlights the almost threefold increase of
sensitivity in the first linear region obtained with the modified
sensor compared to that with bare SPCE. The calibration curve
from the above measurements carried in the linear range of
lower concentrations shows a sensitivity (as extracted from the
slope of calibration plot) of 550.4 μA mM−1 cm−2 and a
determination coefficient (R2) of 0.9934. The limit of
detection was determined as 0.22 μM considering a signal-
to-noise ratio (S/N) of 3.
A strong enhancement of the sensor performances has been

evidenced for the monitoring of riboflavin, too (see Figure
8a,b). LSV curves registered with the modified sensor are in
fact well defined also at the lower RF concentrations and
resulted in an almost tenfold increase of the riboflavin anodic
peak current with respect to bare SPCE.
By the linear relationship (R2 = 0.938) between current

intensity and riboflavin concentration in the range from 0 to 70
μM, the calculated sensitivity resulted to be 2399.3 μA mM−1

cm−2. The limit of detection (LOD) estimated from the
calibration curve for the sensor was 0.067 μM (at S/N = 3).
Subsequently, the simultaneous electrochemical detection of

DA and RF was also examined by linear sweep voltammetry
(LSV). Figure 9a shows the LSV curve, where two clear anodic
peaks, attributed to the oxidation of DA and RF, can be easily
identified and simultaneously detect using LSV. Quantitative
data (not shown) demonstrated further that the anodic peak
current of DA increased linearly by the addition of DA in the
presence of UA kept constant. On the other hand, the
oxidative peak current of UA increased linearly by the addition
of a known amount UA in the presence of DA kept constant.
In addition, Figure 9b shows the LSV pattern of a DA and

RF mixture solution in the presence of AA and UA. Ascorbic
acid and riboflavin occur together in many pharmaceutical
preparations and food products. The anodic current peak of
individual DA and RF resulted in almost no change in the
presence of these other electroactive species, suggesting the
anti-interference capability of the modified electrode in the
case of concurrent determination of DA and RF in a complex
sample containing AA and UA, such as biological fluids in
pharmaceuticals and many foods. In addition, in practical
applications, these and many other substances present in real
samples can cause interferences with the determination of the
target analyte. Interferent substances depend, of course, on the
real sample considered. For example, both DA and RF are used
largely in pharmaceutical formulations, so they can be found as
pollutants in wastewater. In this application, main interferences
are possible due to the ions present in wastewater, such as
Ca2+, Mg2+, K+, Cl−, and Na+, along with a variety of other
pollutant organic molecules (sugars, phenols, other vitamins,
etc.). As demonstrated in a previous paper using modified
electrodes with AuNPs coming from another plant extract, the
amperometric signal of the DA and RF analytes is not
influenced by the presence of the above substances.41 Further,
the same indication can be inferred from the CV technique
analysis reported above in Figure 9b.

Figure 8. (a) LSV curves for AuNP/SPCE, performed in 0.1 M PBS
electrolyte and in the presence of different concentrations of RF (0−
70 μM). (b) Calibration curves obtained with the bare SPCE and
AuNP/SPCE for the determination of RF in the range 0−70 μM.
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The stability of the developed modified sensor has been also
tested. This assumes high importance because electrode
fouling is commonly encountered with conventional solid
electrodes used for the oxidation of DA. The repeatability of
the fabricated AuNP/SPCE sensors was investigated by
performing a series of repetitive measurements using the
same electrode in the presence of DA or RF. The applied
statistical analysis, carried out by evaluating the relative
standard deviation (RSD), has shown that the response
repeatability of the AuNP electrode is pretty good (RSD =
3.7%, n = 5). To study the reproducibility of the fabricated
sensor, different AuNP/SPCE sensors were fabricated and
tested under identical conditions. The value of RSD associated
with measurements with these sensors was found to be less
than 10%, which is good considering that no effort has been
made to optimize/standardize the sensor fabrication.
The performances of the modified AuNP/SPCE electrode

on different days in the presence of dopamine have been also
monitored. Results in Figure 10 indicated that the response of
the sensor on the second day is almost similar to, or even
better than, that on the first day, which suggests the good
stability of the electrode sensor. Under these experimental
conditions, the relative standard deviation to 50 μM DA was

approximately 9.36%, which indicated that the method has also
good reproducibility.
To compare the sensing performances for dopamine and

riboflavin detection with the modified electrode vs previous
electrochemical sensors reported in the literature, in Table 1
are summarized the relevant characteristics of these sensors,
i.e., the linear range and limit of detection.
By this comparison, we can deduce that our sensor

demonstrates almost comparable performances with respect
to the state-of-the-art sensors for DA and RF sensing.

2.4. Real Sample Analysis. To evaluate the capability of
the proposed modified SPCE sensor for dopamine measure-
ment in a real sample, we tested a dopamine-based
pharmaceutical formulation (S.A.L.F. Company, Bergamo,
Italy). The LSV voltammetric method has been utilized for
its simplicity. Before measurements, the sample was properly
diluted with 0.1 M PBS solution to reach a concentration value
that fits into the linear range. The determination of DA was
performed using the standard addition method. The recovery
percent was in the range 96−104% (n = 3, see Table 2), which
indicates the accuracy and repeatability of the proposed
method also in a real complex matrix.

3. EXPERIMENTAL SECTION
3.1. Preparation of R. suaveolens Extract. The extract of

R. suaveolens was obtained as follows. First, R. suaveolens aerial
parts were harvested in March 2018, 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 72 h and filtered. The filtrates were pooled, and the
solvent was removed using a rotary evaporator. The
concentrated extract was stored at 4 °C. More information
about this procedure can be found in ref 18.

3.2. Synthesis of AuNPs. AuNPs were obtained through
the simple procedure shown in Scheme 1 by adding, drop by
drop, 5 mL of methanolic R. suaveolens extract (6.67 mg mL−1)
to 45 mL of 1 mM aqueous solution of HAuCl4 at room
temperature under stirring conditions. Before the extract was
added, the color of the HAuCl4 solution was pale yellow.
Within 15 min, the solution color changed to purple-red,
indicating the successful reduction of Au ions to AuNPs.

Figure 9. (a) LSV curve showing the well-separated anodic peaks
attributed to the oxidation of DA and RF. (b) LSV curves of the DA
and RF mixture solution in the presence of AA and UA.

Figure 10. Calibration curves for DA with AuNP/SPCE tested on
different days.
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3.3. Characterization. UV−vis measurements were
performed by a Jasco V-570 PerkinElmer Lambda 1050
instrument. Scanning electron microscopy (SEM) analysis was
performed by a 1540XB Zeiss field-emission SEM (FESEM)
instrument operating at 10 kV. Transmission electron
microscopy (TEM) analysis was carried out with a Philips
CM12 instrument equipped with an Oxford EDX system for
quantitative elemental analysis. The particle size distribution
was measured using a dynamic light scattering (DLS)
instrument (Zetasizer Nano ZS ZEN3600, Malvern, U.K.).
3.4. Modified Electrode Fabrication. Screen-printed

carbon electrodes (SPCEs) were purchased from DropSens,
Spain. The SPE platform used was DRP-100 (named SPCE),
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 certain volume of
AuNPs at a concentration of 5 mg/mL was directly drop cast
onto the surface of the working electrode and left at room
temperature to dry until further use.
3.5. Electrochemical Test. Electrochemical analyses

(cyclic voltammetry (CV) and linear sweep voltammetry
(LSV)) were performed by a DropSens μStat 400 potentiostat
empowered by Dropview 8400 software for data acquisition.
CV tests were carried out in aerated 1 M PBS as the electrolyte
at a scan rate of 50 mV s−1 in the potential range from −1 to
−1 V by varying the concentration of the investigated analytes
(0−500 μM). Calibration curves were obtained by plotting the
faradic current vs analyte concentration. The sensitivity was
computed as the slope of the calibration curve, and the limit of
detection (LOD) was computed at S/N = 3. Both the
sensitivity and limit of detection were evaluated within the
linear range of the calibration curve. All experiments were
performed at room temperature.
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