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Abstract
A voltammetric analytical assay for the selective quantification of vanillin is described. It is based on the use of a gold
nanoparticle-modified screen-printed carbon electrode (SPCE) modified with graphene quantum dots (GQD) in a Nafion matrix.
The GQD were synthesized by an acidic thermal method and characterized by UV-Vis, photoluminescence, and FTIR spectros-
copy. The modified SPCE displays a strongly enhanced response to vanillin. Linear sweep voltammetry (LSV) and differential
pulse voltammetry (DPV) were applied to optimize the methods. The analytical assay has linear responses in the 13 to 660 μM
and 0.66 to 33 μM vanillin concentration ranges. The detection limits are 3.9 μM and 0.32 μM when using LSV and DPV,
respectively. The analytical assay is selective and stable. It was applied to the determination of vanillin in several food samples
with satisfactory results. Recoveries from spiked samples ranged between 92.1 and 113.0%.
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Introduction

Screen-printing technology has emerged as a novel low-cost
process to achieve significant advances in the electrochemical
detection techniques, with many types of screen- printed car-
bon electrodes (SPCEs) commercially available [1]. There are
many possibilities to customize them for a particular analytical
challenge by the incorporation of modifiers such as enzymes,
immuno-reagents or noble metals, but also´ by nanomaterials
and nanocomposites [2, 3]. Graphene quantum dots (G-QDs)
are a type of zero-dimensional carbon-based nanomaterials

sharing characteristics from both graphene and carbon dots
(CDs) [4, 5]. This fact confers them special and unique char-
acteristics because of the quantum confinement and edge
effects- similar to CDs- and excellent properties, such as their
superiority in chemical inertness, photostability, biocompati-
bility, low toxicity, and low-cost compared to other
nanomaterials, allowing applications in many fields [4].
Moreover, from an analytical point of view, their high water-
solubility makes them potential analytical tools, especially in
spectroscopy [6] and electrochemistry [7]. Analytical assays
based on G-QDs can achieve a high level of performance.
However, much effort is still needed to exploit the full poten-
tial of these nanomaterials to develop advanced sensing
methods to be applied in several research fields. In this way,
the use of G-QDs for the decoration of electrochemical SPCEs
requires adequate assembly to improve the electrochemical
response. Nafion is a material commonly used as cation con-
duction and electron barrier membrane; it prevents common
interfering agents in the analytical determinations and also
enhances the robustness of the NPs on the electrode surface
[8]. These factors combine the advantages of G-QDs (higher
electrical conductivity, enlarged active surface area) with the
unique features of the Nafion film. Therefore, the assembly of

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00604-018-2738-1) contains supplementary
material, which is available to authorized users.

* Ángel Ríos
Angel.Rios@uclm.es

1 Department of Analytical Chemistry and Food Technology,
University of Castilla-La Mancha, Camilo José Cela Av,
E-13071 Ciudad Real, Spain

2 Regional Institute for Applied Chemistry Research (IRICA), Camilo
José Cela Av, E-13071 Ciudad Real, Spain

Microchimica Acta (2018) 185: 204
https://doi.org/10.1007/s00604-018-2738-1

http://crossmark.crossref.org/dialog/?doi=10.1007/s00604-018-2738-1&domain=pdf
http://orcid.org/0000-0003-1728-3097
https://doi.org/10.1007/s00604-018-2738-1
mailto:Angel.Rios@uclm.es


G-QDs and Nafion nanocomposite (G-QD@Nafion) onto
low-cost electrochemical devices can open new opportunities
in the development of analytical electrochemical assay strate-
gies involving nanomaterials for the determination of analytes
of interest, improving sensitivity and selectivity.

Vanillin (4-hydroxy-3-methoxybenzaldehyde; pKa = 7.7)
is considered one of the most widely used flavoring sub-
stances in food, perfumery or beverages. Its extraction from
vanilla pods implies a long and expensive process, resulting in
high prices in the market. As a result, the majority of the
vanillin used is obtained from chemical synthesis, which leads
to a lower quality of vanillin. Moreover, the resulting synthetic
vanillin still needs further clean-up and extraction procedures
to purify it [9], therefore the importance of the yield and pu-
rification of this substance. Many analytical methods have
been reported for the determination of vanillin, including
spectrofluorometry [10], spectrophotometry [11], high pres-
sure liquid chromatography (HPLC) [12], capillary electro-
phoresis [13], gas chromatography [14], and electrochemistry
[15–18]. Electrochemical methods have gained considerable
attention because of their numerous advantages such as fast
response, high sensitivity and selectivity, simple operation,
and real-time detection under in situ conditions. However,
some of the reported methods for vanillin determination re-
quired complicated and tedious modified electrochemical de-
vices to achieve good electrochemical performances. This
work aimed to contribute to the development of simple ways
to improve and customize commercial electrochemical de-
vices for a particular analytical application. To our knowledge,
this is the first report involving the assembly of G-QDs and
Nafion nanocomposite onto commercial AuNP-SPCEs (G-
QD@Nafion/AuNP-SPCEs). Its potential application as an
electrochemical assay for the determination of vanillin in sev-
eral food samples has been demonstrated, achieving short
analysis time, and good sensitivity and selectivity.

Experimental

Instruments and apparatus

UV-Vis absorption and fluorescence (FL) spectra were record-
ed using a spectrophotometer (SECOMAM UVI Light XS 2)
and a fluorescence spectrophotometer (Photon Technology
International (PTI) Inc. QuantaMaster 40), respectively, using
10 mm quartz cuvettes. Also, the fluorescence of G-QD sam-
ples was detected under a handheld UV lamp (model UVLS-
28, 115 V ~ 60 Hz, 0.16 A) using a wavelength of 365 nm.
FTIR spectra were obtained using an FTIR spectrophotometer
(IRAffinity-1, Shimadzu Corporation International Marketing
Division, Japan).

Electrochemical experiments were performed with a
CHI842D Electrochemical analyzer from CH Instruments

Inc. (Austin, Texas, USA). Measurements were performed
using a three-electrode configuration, using screen printed
(modified) carbon electrodes from Dropsens (Oviedo,
Spain), with a carbon counter electrode, a silver pseudo-
reference electrode, and a specific working electrode. The
working electrodes (4 mm diameter) were carbon
(DRP-110), multi-walled carbon nanotubes (DRP-
110CNT), single-walled carbon nanotubes (DRP-
110SWCNT), gold nanoparticles (DRP-C110GNP) and
nanofibers (DRP-C110CNF).

An ultrasound bath (Selecta, Barcelona, Spain), a
microcentrifuge Biosan Microspin 12 (LabNet Biotecnica
S.L., Madrid, Spain), and a Basic 20 pH-meter with a com-
bined glass electrode (Crison Instruments S.A., Barcelona,
Spain) were also used.

Reagents and solutions

Uric acid (≥99.0%) was purchased from Alfa Aesar (www.
alfa.com, Ward Hill, MA, USA). Sulfuric acid (ACS/FCC,
BDH ARISTAR, 95.0–98%) and acetone (Hipersolv
Chromanorm, 100%) were acquired from VWR (https://es.
vwr.com/store/, Pittburgh, PA, USA); nitric acid (HNO3; ≥
69%) was supplied by labkem (www.labbox.com, Mataró,
Barcelona, Spain).

4-Hydroxy-3-methoxybenzaldehyde (Vanillin, ≥98%),
vanillic acid (≥97%), and sodium tetraborate anhydrous were
obtained from Fluka (www.sigmaaldrich.com, Steinheim,
Germany). Nafion® 117 solution (5% in a mixture of lower
aliphatic alcohols and water), acetic acid (≥99.7%), sodium
acetate (≥99.0%), sodium hydroxide (98%), sodium citrate,
4-hydroxybenzaldehyde (98%), 4-hydroxybenzylalcohol
(99%), and 4-hydroxy-3-methoxybenzylalcohol (98%) were
purchased from Sigma-Aldrich (www.sigmaaldrich.com,
Steinheim, Germany).

L-ascorbic acid (≥ 99.7%), methanol (99.9%), and
disodium hydrogen phosphate anhydrous (99%) were
purchased from Panreac (http://www.panreac.es,
Barcelona, Spain). D(+)-maltose, fructose, D(+)-glucose
anhydrous, soluble starch, sodium chloride, potassium
chloride, Sunset yellow FCF (E-110), riboflavin
(vitamin B2), pyridoxine (vitamin B6), sucrose, and
lactose were obtained from Sigma-Aldrich (www.
sigmaaldrich.com).

All aqueous solutions were prepared using 18.2 MΩ cm
(25 °C) water purified with a Milli-Q system (Millipore,
Bedford, MA, USA) and analytical grade reagents. Aqueous
solutions of 0.02 mol L−1 vanillin were kept in the refrigerator
in the darkness. G-QD@Nafion solution was prepared by dis-
persing the required weight of G-QDs in water, adding 0.5%
Nafion (v:v); this solutionwas prepared by ultrasonication and
protected from light until use.
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Sample preparation and general procedure

The following samples were purchased at local markets:
white-milk chocolate, custard, and white sugar. Sample prep-
aration was carried out as follows. Approximately 5 g of sam-
ple was ground to a fine powder. 0.25 g (white-milk choco-
late), 0.20 g (white sugar) or 0.15 g (vanillin custard) was
placed in a vial with 5 mL of ethanol and ultrasonicated for
30 min. The resulting mixture was centrifuged at 10397 rcf
(10,000 rpm) for 10 min. Then, 1 mL of the resulting super-
natant was concentrated to dryness under a N2 flow and
reconstituted in 1 mL of 0.025 mol L−1 H2SO4. For vanillin
determination, suitable concentrations of these samples (or
stock solutions) were prepared in 0.025 mol L−1 of H2SO4

(supporting electrolyte). Then, the LSV (potential range:
−0.1 to 0.8 V; scan rate: 150 mV s−1; accumulation time at
0.2 V for 20 s) and DPV (amplitude: 0.05 V; pulse: 0.05 s;
period: 0.4 s) were recorded in the optimal conditions using a
G-QD@Nafion/AuNP-SPCE. The peak height of the voltam-
mograms was used as the analytical signal. All experiments
were performed at room temperature.

To ensure the repeatability of the electrode in the
voltammetric measurements, all SPCEs were preconditioned
by applying five cyclic voltammograms measurements from
−0.1 to 1 V in 0.025 mol L−1 H2SO4 as supporting electrolyte
before use. This step also provided an adequate cleaning and
activation of the electrode surface.

Synthesis of G-QDs and preparation
of the modified SPCEs

G-QDs were obtained from uric acid powder as single
precursor by acidic-based chemical treatment following
a method previously reported in our laboratory [6].
Details are provided in ESM.

1 mg mL−1 G-QD@Nafion dispersion in water was used
for the modification of the different SPCEs (DRP-110, DRP-
110CNT, DRP-110SWCNT, DRP-C110GNP and DRP-
C110CNF). Each modified electrode was prepared by casting
6 μL of the suspension of G-QD@Nafion onto the surface of
the electrode. After drying under infrared light for 15 min, it
was rinsed with deionized water before use.

Results and discussion

Selection and characterization of G-QD@Nafion/SPCE

G-QD nanoparticles were used to modify the surface of dif-
ferent commercial SPCEs to evaluate the improvement of
their analytical response towards vanillin. Nafion (5% in a
mixture of lower aliphatic alcohols and water) was added to
G-QDs in water as attaching agent since the interfusion of G-

QD nanoparticles into the Nafion film solution forms a homo-
geneous and stable suspension which increases the robustness
of the NPs on the electrode surface. In addition, it also pre-
vents their release from the electrode surface since G-QDs are
very water-soluble [8]. To evaluate the effectiveness of the
electrode surface modification, 6 μL G-QD@Nafion
(1 mg mL−1) were dropped onto the SPCE surface and subse-
quently dried under IR lamp for 15 min. Then, the LSV at a
scan rate of 100 mV s−1 was recorded. LSV was used instead
of cyclic voltammetry (CV) because of the irreversible elec-
trochemical reaction. The enhancement observed by the addi-
tion of G-QD@Nafion to each of the SPCEs tested is shown in
Fig. 1 for 0.13 mmol L−1 vanillin in 0.1 mol L−1 phosphate
buffer at pH 8. Even though differences are observed in all the
SPCEs, the highest improvement in the electrochemical re-
sponse is observed for AuNP-SPCE, observing no changes
in the voltammogram profile. Therefore, this SPCE was se-
lected for following experiments.

The volume and concentration of G-QDs dropped on
AuNP-SPCE surface were also evaluated. Volumes between
6 and 10 μL were tested, observing that 6 μL completely
covered the working electrode, hence selecting this volume.
Three different dilutions of G-QD@Nafion were tested (0.5,
1, and 2 mg mL−1 GQDs). An enhancement of the analytical
response was observed in the presence of 1 mg mL−1 of G-
QD@Nafion, whereas no improvement was achieved for oth-
er concentrations. Therefore, this G-QD@Nafion concentra-
tion was selected for subsequent experiments.

The characterization of G-QDs and G-QD@Nafion/AuNP-
SPCE was carried out. The fluorescence and absorbance spec-
tra of G-QD are shown in Fig. 2. It can be seen a characteristic
fluorescence emission at 452 nm (exciting at 362 nm) and
absorbance spectra with an absorption peak at 260 nm. The
FTIR spectrum of G-QDs, AuNP-SPCE, and G-QD@Nafion/
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Fig. 1 Electrochemical response (% increment) of vanillin using several
commercial SPCEs modified with G-QD@Nafion in comparison with
non-modified SPCE. AuNP: gold nanoparticles; SWCNTs: single-
walled carbon nanotubes; MWCNTs: multi-walled carbon nanotubes
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AuNP-SPCE were also recorded to verify that G-QDs were
efficiently deposited onto the surface of the SPCEs (Electronic
Supplementary Material). Characteristic bands of the main
functional groups of G-QD such as the υC-O at 1068 cm−1 or
υC-H at 3075 cm−1 and 1407 cm−1 are observed [6]. Because
of the unique properties of G-QDs and their high conductivity,
these nanomaterials can be good candidates to improve the
conductivity of SPCEs. This behavior may enhance and thus
accelerate the electron transfer between the electrodes and
target molecules, even improving the selectivity of the analyt-
ical method.

Electrochemical behavior of vanillin

The CVof vanillin can be observed in Fig. 3; it shows the CV
of 0.13 mmol L−1 vanillin in 0.025 mol L−1 H2SO4 at AuNP-
SPCE with different modifications, at a scan rate of
100 mV s−1. The results show a main anodic peak of vanillin
in the different electrodes – ranging from 0.36 to 0.46 V – and
a secondary peak around 0.2 V. A cathodic peak is also ob-
served in the reverse scan; this peak is also present in the
absence of vanillin, although of weaker signal. This fact

suggests that the electrochemical reaction is an irreversible
process. As previously mentioned, the oxidation peak current
value (Ip) of vanillin at G-QD@Nafion/AuNP-SPCE is
incremented in a 30% compared with the unmodified
AuNP-SPCE. These results indicate that the decoration of
AuNP-SPCE with G-QD@Nafion improve the characteristics
of vanillin oxidation significantly.

The effect of the scan rate (υ) on the electrochemical re-
sponse was studied between 25 and 600 mV s−1 using CV. A
solution of 0.13 mmol L−1 vanillin in 0.025 mol L−1 H2SO4

was used in all experiments. The main oxidation peak current
of vanillin (Ipa) increased with a scan rate increase; this incre-
ment was proportional to the square root of the scan rate from
25 to 200 mV s−1. The relationship plot equation was: Ipa
(μA) = 1.209 x υ1/2 (mV1/2 s-1/2) + 0.108, with a coefficient
of determination of R2 = 0.996. This fact indicates that the
electrochemical reaction of vanillin is a diffusion-controlled
process on the surface of the electrode. However, when the
scan rate ranged from 250 to 600 mV s−1 the main
oxidation peak current of vanillin was proportional to
the scan rate. The relationship plot equation was: Ipa
(μA) = 28.419 x υ (mV s−1) – 225.301; R2 = 0.997.
This fact indicates that the electrode process in this scan
rate interval is a surface reaction-controlled.

From these results it can be concluded that the electro-
chemical process of vanillin is a combination of diffusion
and adsorption controlled processes, depending on the scan
rate [19, 20]. Additionally, the dependence of peak potential to
the scan rate suggests that vanillin reaction is electrochemical-
ly irreversible at the G-QD@Nafion/AuNP-SPCE.

Optimization of the method for the determination
of vanillin

The following parameters were optimized for LSV and DPV,
as required: (a) composition and concentration of supporting
electrolyte (LSV and DPV); (b) accumulation potential and
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Fig. 3 (a) LSV of increasing concentrations of vanillin from 6.6 to
657 μmol L−1 in 0.025 mmol L−1 H2SO4 as supporting electrolyte at G-
QD@Nafion/AuNP-SPCE at scan rate of 150 mV s−1 and (b) DPV of
increasing concentrations of vanillin from 0.33 to 49 μmol L−1 in

0.025 mmol L−1 H2SO4 as supporting electrolyte in the optimal
conditions (amplitude: 50 mV; pulse: 0.05 s and period: 0.4 s) at G-
QD@Nafion/AuNP-SPCE
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time (LSV); (c) pulse width and amplitude, and scan rate
(DPV). Detailed data and figures are shown in the Electronic
Supporting Material. The following parameters were selected
as optimum: (a): 0.025 mol L−1 H2SO4 as supporting electro-
lyte; (b) accumulation potential of 0.2 V for 20 s; (c) pulse
width of 50 ms and an amplitude of 50 mV at a scan rate of
20 mV s−1.

Analytical performance of the method using
G-QD@Nafion/AuNP-SPCE

The precision of the analytical signal and the stability of the G-
QD@Nafion/AuNP-SPCE were evaluated for the determina-
tion of vanillin. To estimate the repeatability, the same SPCE
was used for ten successive measurements of 0.13 mmol L−1

vanillin, and the relative standard deviation (RSD) of the ox-
idation peak current was 2.9% using DPV, which indicate the
possibility of reusing the electrode. Additionally, the long-
term stability of the electrode was also investigated over a
period of four weeks. To this end, the same electrode was
stored in a glass Petri dish at room temperature and protected
from light. The anodic current peak recorded over the studied
period retained 95% of its original response. This fact indi-
cates the possibility of using the same electrode for a month
without loss of significant sensitivity. To estimate the inter-
electrode precision of the modification process of the SPCEs,
three different SPCE were modified in the same conditions,
and the signal for 0.13 mmol L−1 vanillin was recorded.
A RSD value of 4.5% (n = 5) was obtained, which in-
dicates the reliability of the modification procedure of
the electrode and the repeatability in the determination
of vanillin.

Under the optimized conditions, voltammograms for in-
creasing concentrations of vanillin are shown in Fig. 3. Data
were obtained using the maximum oxidation peak current
value and fitted by standard least-squares calibration (Fig.
S4, Electronic Supplementary Material). On the one hand,
LSV detection and quantification limits (3σ and 10σ criterion)
were 3.9 × 10−6 mol L−1 and 1.3 × 10−5 mol L−1. On the other
hand, higher sensitivity was observed by DPV, obtaining de-
tection and quantification limits of 3.2 × 10−7 mol L−1 and
6.6 × 10−7 mol L−1. The repeatability (n = 10) was lower than
5% with both detection techniques. All the analytical param-
eters are summarized in Table S1 (Electronic Supplementary
Material). These results demonstrate that the method is well
suited for the determination of vanillin in food. Although LSV
presents satisfactory sensitivity, the use of DPV would lower
the detection limits if necessary. However, LSV has been se-
lected to carry out the interference study and analytical appli-
cations, due to its widespread use.

A comparison of the detection limit and characteristics of
other electrodes for the quantification of vanillin is shown in
Table 2. It can be observed that the detection limit of the

present method is similar to some reported works, although
higher sensitivity is observed in other electrochemical
methods. In most cases, the synthesis and modification of
the electrodes are complicated and time-consuming, whereas
the preparation of the G-QD@Nafion/AuNP screen-printed
electrode is straightforward and quick. However, a sample
pre-treatment and pre-concentration would be required to an-
alyze lower vanillin concentrations.

The potential interference in the analytical signal of vanillin
was investigated for: a) compounds with similar structure
(vanillic acid, 4-hydroxybenzaldehyde, 4-hydroxybenzyl al-
cohol, 4-hydroxy-3-methoxy benzylalcohol); b) other species
that are likely to be present in the analyzed samples (colorant
E-110, sugars, ions, etc.) (Table S2 in ESM). This study was
carried out with a solution of 6.5 × 10−5 mol L−1 vanillin pre-
pared in 0.025 mol L−1 H2SO4. No interferences were consid-
ered if the variation of the analytical signal was lower than
5%. All the results are detailed in Table S2 (ESM). Depending
on the potential concentration of the interferents, differ-
ent interferent/analyte ratios were tested. Although low
interferent/ratios were obtained for some compounds,
these ratios are suitable because those compounds
would be present in very low amounts compared to
vanillin. For instance, vanillic acid/vanillin ratio is 0.4,
but vanillic acid is expected to be present at concentra-
tions ten times lower than vanillin [16]. Although the
potential interference effect was studied individually for
each species, we also studied the matrix effect and used
an HPLC reference method to confirm the accuracy of
the results. Hence, the method can be successfully ap-
plied to the detection and determination of vanillin in
food samples.

Table 1 Determination results and recovery study of vanillin in food
samples

Sample Vanillin

Added (mg g−1) Found (n = 3) Recovery (%)

White-milk chocolate – – –

0.6 0.57 ± 0.04 95.0

1.2 1.10 ± 0.08 92.1

1.8 1.93 ± 0.09 107.2

Custards – 0.70 ± 0.04a 108.8

0.5 0.51 ± 0.03 102.0

1 0.98 ± 0.05 98.1

2 2.16 ± 0.08 108.0

Sugar – – –

1.5 1.7 ± 0.1 113.0

2.5 2.6 ± 0.2 104.1

4 4.1 ± 0.2 103.4

a Concentration confirmed by HPLC
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Analytical applications

The method was applied to the determination of vanillin in
several foods: custard, white-milk chocolate, and white sugar.
All the samples were firstly pretreated according to the proce-
dure described in BSample preparation and general
procedure^ section. Taking into account that there was matrix
effect in some samples, we used the standard addition method
for the analysis of all samples. Only custards presented vanil-
lin at a quantifiable concentration. Therefore, recovery exper-
iments were performed at different vanillin levels. Samples
were spiked with a suitable volume of vanillin stock solution,
homogenized, extracted as mentioned in BSample preparation
and general procedure^ section, and analyzed. Recoveries
ranging between 92.1 and 113.0%were observed. All samples
were also analyzed with an HPLC reference method [28],
observing no significant differences in the results.

The method of the averaged recovery [29] was used to
assess the accuracy of the method. In this test, the mean re-
covery is calculated from the individual recoveries (Table 1).

This value is then tested for significance using the Student t-
test. We obtained an experimental t value of 1.154 (n = 9),
lower than the tabulated t value of 1.860 (n-1 degrees of free-
dom and a 95% confidence level). The method was thus con-
sidered accurate. All the results are shown in Table 1.
This method exhibits several advantages over other used
techniques, such as low environmental impact, low-cost
and rapid procedure.

Conclusions

A novel approach to improve and customize commercial elec-
trochemical devices, based on their modifications with novel
nanoparticles, has been proposed for the determination of van-
illin. The assembly of G-QD@Nafion nanocomposite onto
commercial AuNP-SPCE showed excellent analytical perfor-
mance, highlighting the signal enhancement of 30% of the
electrochemical response of vanillin. Although other electro-
chemical methods (Table 2) presented higher sensitivity, the

Table 2 Comparison of different electrodes and electrochemical methods for the determination of vanillin

Electrode Technique Supporting electrolite Linear range (μM) Detection limit (μM) Reference

BDDa SWVk 0.1 M phosphate buffer, pH 2.5 3.3–98 0.16 [21]

Arg-G-GCEb DPVl 0.2 M HAc/NaAc buffer, pH 5.0 2.0–70 1.0 [22]

EMDG-GCEc DPVl Phosphate buffer, pH 7.0 0.1–45 0.032 [15]

MIP-SWNTs-COOH/GCEd DPVl Phosphate buffer, pH 7.0 0.4–8 and 10–140 0.2 [23]

AuPdNP-G/GCEe DPVl 0.1 M phosphate buffer, pH 7.0 0.1–7 and 10–40 0.02 [24]

Graphite SPEf SWVk 0.1 M phosphate buffer, pH 7.4, 0.1
M NaCl, and 1% EtOH

5–400 0.4 [17]

GR-PVP/ABPEg Second-order
derivative LSVm

0.1 M H3PO4 0.02–2.0, 2.0–40
and 40–100

0.010 [25]

AuNP-PAH/GCEh SWVk 0.2 M acetate buffer, pH 5.0 0.90–15.0 0.055 [18]

AgNP/graphene/GCEi SWVk 0.1 M PBS, pH 6.98 2–100 0.332 [16]

Graphene nanoflakes/GCE DVPl 0.1 M phosphate buffer, pH 7.0 0.01–53 0.0124 [26]

CoS nanorods/GCE DVPl 0.1 M PBS, pH 7.2 0.5–56 0.07 [27]

G-QD@Nafion/AuNP-SPCEj DPVl 0.025 M H2SO4 0.66–33 0.32 This work

a Boron-doped diamond electrode (BDD)
bArginine (Arg) functionalized graphene (Arg-G) nanocomposite modified glassy carbon electrode (GCE) (Arg-G-GCE)
c Electrolytic manganese dioxide - graphene (EMDG) composite film in GCE (EMDG-GCE)
dMolecularly imprinted ionic liquid polymer−carboxyl single-walled carbon nanotubes composite coated glassy carbon electrode (MIP-SWNTs-
COOH/GCE)
e AuPd nanoparticles–graphene composite modified glassy carbon electrode (AuPdNP-G/GCE)
f Graphite screen-printed electrode (Graphite SPE)
gGraphene-polyvinylpyrrolidone composite film modified acetylene black paste electrode (GR-PVP/ABPE)
hGold nanoparticles stabilized in poly(allylamine hydrochloride) (AuNP-PAH) (AuNP-PAH/GCE) glassy carbon electrode
i Ag nanoplates (NPs) synthesized by polyvinylpyrrolidone (PVP) and trisodium citrate (TSC)
j graphene-quantum dots and nafion nanocomposite modified gold nanoparticles modified screen printed carbon electrodes (G-QD@Nafion/AuNP-
SPCE)
k Square-wave adsorptive stripping voltammetry (SWV)
l Differential-pulse voltammetry (DPV)
m Second-order derivative (second-order derivative LSV)
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rapid modification of the commercial screen-printed elec-
trodes compensates the lower sensitivity. Also, the precision
and accuracy of this analytical method were demonstrated by
inter-electrode tests, interference study, and comparison with
an HPLC reference method. The analytical assay here report-
ed makes G-QD@Nafion/AuNP-SPCE interesting candidates
to be used in the building of novel electrochemical assays for
other substances, considering that additional modifications
and sample treatments would be required according to the
intended applications. We hope that this approach can open
new ways of modifications of commercial electrodes, increas-
ing their analytical potential.
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