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A B S T R A C T

A GCE/CRGO-βCD′s/ADA-SPE/AuNPs biosensor was successfully developed to determine eugenol in dental
samples. The optimal conditions to construct the biosensor were obtained from an experimental design based on
the response surfaces methodology. The GCE/CRGO-βCD/ADA-SPE/AuNPs biosensor exhibited a very good
analytical performance for the quantification of eugenol. Thus, it shows a linear range between 1.3 × 10−8 and
1 × 10−5 mol L−1, with a sensitivity of (5.3 ± 0.3) x 10−3 A mol−1 L. The limits of detection and quantifi-
cation were 4 × 10−9 mol L−1 and 1.3 × 10−8 mol L−1, respectively. Biosensors had an intraday and inter day
reproducibility of 5% and 8%, respectively. The repeatability was of 3%, and the stability was 21 days (a
decrease of 30% in current responses was observed after the fourth week). Recovery studies were performed in
order to validate the proposed method. Recovery percentages were between 94 and 108%. A value of the ap-
parent Michaellis-Menten constant, KM

app, of 3.1 × 10−6 mol L−1 was obtained using both Lineweaver-Burk and
Eadi-Hofstee methods.

1. Introduction

A semi-volatile compound, eugenol or 4-allyl-2-methoxyphenol
(EUG, Fig. 1) is a lipophilic antioxidant. It is a liquid at room tem-
perature, pale yellow and of oily consistency. It is found mainly in clove
oil [1], and can be extracted from cloves, cinnamon and other aromatic
compounds [2–5].

EUG is a compound with remarkably unique medicinal properties
and biological activities such as antimicrobial, anti-inflammatory, an-
tifungal, antiviral, analgesic, antimutagenic, antiseptic, antioxidant and
anti-cancer [6–8]. Due to the various properties of EUG, it has a wide
application in the pharmaceutical, agricultural, fragrance, flavor, cos-
metic, food and various other industries as well as in dentistry and
medicine [9,10].

EUG is natural plant-based product. According to the World Health
Organization, the maximum daily human intake recommended is
2.5 mg kg−1 body weight [11]. Exceeding this limit may cause serious
and fatal problems such as arrhythmia, digestive problems, and an in-
crease in blood pressure, vomiting and liver failure. Thus, the amount of
EUG in the pharmaceutical and food industries must be strictly con-
trolled to prevent harm to human health [12]. Therefore, a quantitative

analysis of EUG is of great interest.
Quantitative methods have been reported extensively for the com-

positional analysis of plant extracts [13], dental materials [14], cos-
metics [15] and flavor additive [16]. The usually proposed methods for
the determination of EUG are based on gas chromatography (GC)
[17,18] and high performance liquid chromatography (HPLC) [19].

Another interesting alternative to determine EUG is the use of
electroanalytical methods. Compared to the conventional methods such
as HPLC, GC and mass spectrometry, electrochemical methods have
certain advantages for detecting several analytes, owing to their rapid
analysis, low cost, high sensitivity and simplicity. Therefore, EUG was
determined at carbon paste electrodes (CPE) chemically modified with
gold metallic nanoparticles (AuNPs) by differential pulse voltammetry
(DPV) in pH 8 phosphate buffer solutions (PBS) using both the com-
mercial reagent, and different real samples. A great catalytic effect and
a marked increase in peak currents were observed when the EUG
electro-oxidation was studied at these modified electrodes (AuNPs/
CPE) compare to the bare CPE [20]. On the other hand, the EUG
electrochemical oxidation mechanism was studied at glassy carbon
electrodes (GCE) modified with Cu doped AuNPs (Cu@AuNPs/GCE)
using the Britton Robinson buffer as the supporting electrolyte in the
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pH range from 2 to 7.80. These authors found that the current of the
EUG main oxidation peak was higher at pH 2 than at other pH. In ad-
dition, the oxidation peak was shifted at less positive potentials as the
pH increased. They also observed that at pH 2 the EUG oxidation peak
was much better defined at the modified electrode than at the bare
GCE. This modified electrode was then used to determine EUG in spice
and curry powder samples [21]. Besides, the EUG electro-oxidation
mechanism was also studied at carbon paste electrodes modified with
graphene (G-CPE) in Britton Robinson buffer at pH 2. These studies
were carried out by using density functional theory computations and
mass spectroscopy analysis. In addition, DPV was used to generate the
calibration curve, which allowed determining EUG in a pharmaceutical
formulation [22]. Moreover, a GCE modified with a graphene-carbon
nanotubes-ionic liquid composite (G-CNTs-IL) was used to fabricate an
electrochemical sensor to determine EUG based on a molecularly im-
printed polymer (MIP), which was generated using p-amino thiophenol
and p-amino benzoic acids as monomers and EUG as the template. This
electrochemical sensor was used to determine EUG in real samples such
as curry powder, perfume and capsules by using linear sweep voltam-
metry [23].

On the other hand, biosensors have been proposed as an efficient
analytical tool for the determination of phenolic and polyphenolic
compounds, exhibiting advantages such as the minimal preparation of
the sample, selectivity, sensitivity, reproducibility, rapid response time
and simple use for continuous on-site analysis [24].

The soybean peroxidase enzyme (SPE) is a good biological element
in the development of biosensors due to some intrinsic characteristics,
i.e., it has higher thermal stability and it can maintain its bioactivity in
a wider pH range than other peroxidases [25,26]. This enzyme has
successfully been used by us for the development of biosensors to de-
termine hydrogen peroxide and the sterigmatocystin mycotoxin
[27,28].

On the other hand, the most of the graphene (G) used in the de-
velopment of electrochemical biosensors is reduced graphene oxide
(RGO) [29]. Generally, the graphene oxide (GO) can form a stable
dispersion in water, due to the high content of oxygenated groups.
Chemically reduced graphene oxide (CRGO) is obtained if these func-
tional groups are removed through chemical reduction. Thus, the CRGO
loses its dispersibility in water and can be precipitated due to high
interlayer interactions. An improvement in water dispersibility is
achieved by the modification of the graphene sheets introducing new
functional molecules between layers. In this way, β-cyclodextrin′s
(βCD's) can be used to modify the CRGO layers in order to significantly
increase its water solubility [30]. βCD's can attach themselves to CRGO
layers through strong hydrogen bonds, resulting in a more hydrophilic
CRGO. Thus, the CRGO functionalized with βCD's has the properties of
large surface area, high conductivity, and supra-molecular recognition
and enrichment capacity of the βCD's to be used as an electrochemical
sensor [31]. βCD's have also been used to immobilize enzymes modified
with adamantane or 1- adamantane carboxylic acid (ADA), through
host-guest interactions. Thus, this interesting proposal has been used in
different occasions to modify enzymes with ADA to generate enzymatic
biosensors [32–34].

In addition, the use of AuNPs can improve some characteristics of
biosensors due to their excellent properties such as a high catalytic
activity, small size, large surface area, effective mass transport. In

addition, they are friendly with the environment. AuNPs modified
electrodes can reduce over-potentials and to improve electrocatalysis.
Particularly, modified electrodes with G or G derivatives and AuNPs
have been developed in order to improve their performance as sensors.
A sinergistic effect has been observed which increases the analytical
signal due to the presence of two types of nano-structured materials
[35–37].

In this paper, we propose the development of an amperometric
biosensor based on SPE to determine EUG in dental samples. The bio-
sensor is based on the immobilization of a conjugate obtained by ADA
and SPE (ADA-SPE) at a GCE modified with a composite of CRGO and
βCD's (βCD's-CRGO). The use of nano-material CRGO is necessary to
immobilize βCD's on the electrode surface. AuNPs were also electro-
deposited at the modified electrode. Our enzymatic biosensor showed a
very good analytical performance for the quantification of EUG in
dental samples.

2. Materials and methods

2.1. Reagents

EUG, ADA, βCD's, tetrachloroauric acid (III) trihydrate and N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDAC)
were purchased from Sigma–Aldrich. Ethanol, KH2PO4, K2HPO4, HCl
and NaOH were Merck p.a. Ultrapure water (ρ = 18 MΩ cm) was ob-
tained from a Millipore-Milli Q system. Stock solutions of EUG were
0.64 mol L−1 in ethanol. They were protected from light, and kept in
the refrigerator. The corresponding working solutions were prepared
daily by adding different aliquots of the stock solution in the corre-
sponding reaction media.

PBS of different pH were prepared using 0.2 mol L−1 K2PO4H/
KPO4H2, adjusting the pH by adding different volumes of 1 mol L−1 HCl
or 1 mol L−1 NaOH solutions as corresponding.

H2O2 (Merck p.a.) solutions were prepared daily. Their concentra-
tions were determined from uv–vis absorption spectrophotometric
measurements at λ = 240 nm [38].

SPE was kindly provided by Dr G. J. Levin from Centro de
Investigaciones y Transferencia de Entre Ríos, Gualeguachú, Entre Ríos,
Argentina. SPE was purified from soybean hulls as a single isoenzyme
using a procedure described in literature [27]. The enzyme con-
centration was determined from uv–vis absorption spectrophotometric
measurements at λ = 403 nm [39].

2.2. Apparatus

Amperometric and cyclic voltammetry (CV) measurements were
performed using a BAS Epsilon potentiostat, with electrochemical
software incorporated. The scan rate (v) was 0.100 V s−1.
Electrochemical impedance spectroscopy (EIS) experiments were car-
ried out with an AutoLab PGSTAT 30 potentiostat with FRA 4.9 soft-
ware incorporated. These measurements were performed in
1 × 10−3 mol L−1 of K4[Fe (CN) ]6 and K3[Fe (CN) ]6 + 0.1 mol L−1 KCl
aqueous solution at an equilibrium potential of 0.234 V vs. Ag/AgCl. A
sine wave perturbation of 5 mV was applied to electrodes. The ac fre-
quency was varied from 0.5 Hz to 10 kHz. The Nyquist plots were fitted
by the FRA impedance software using the equivalent circuits described
in Section 3.3.1. A conventional three electrode cell was used in all
electrochemical measurements. The working electrode was a glassy
carbon (GCE) disk (BAS, φ = 3 mm). The reference and counter elec-
trodes were Ag/AgCl (3 mol L−1 NaCl) and a large area Pt sheet, re-
spectively. The volume of the electrochemical cell was 2 mL. The so-
lutions were deoxygenated by bubbling N2 for 15 min prior to the
experiments.

An uv–vis spectrophotometer Hewlett Packard, model HP8453 was
used for spectrophotometric measurements. The cells had an optical
path of 1 cm.

Fig. 1. Chemical structure of eugenol.
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SEM measurements (Carl Zeiss Sigma with Zeiss-MMSTEM detector
and EDS micro-analyzer, Oxford-AZtec x MAx 80) were used to char-
acterize the different stages during the modification of the electrode
surface.

2.3. Synthesis of the ADA-SPE conjugate

The ADA-SPE conjugate was carried out following a method pro-
posed by Lv et al. [29].

Thus, a reaction mixture composed of 750 μL of the SPE
1.55 × 10−4 mol L−1 (31 μmol L−1), 27 mg of ADA (0.031 mol L−1)
and 50 mg of EDAC (0.05 mol L−1) in 5 mL of a solution 0.2 mol L−1

pH 6.0 PBS was stirred overnight in the refrigerator at 4 °C. Then, the
reaction mixture was dialyzed in 0.2 mol L−1 pH 6.0 PBS during three
days in a refrigerator. The conjugate was kept in the freezer while it was
not used.

2.4. Synthesis of the CRGO-βCD′s composite

GO was synthesized following the methodology proposed by
Marcano et al. [40].

The CRGO-βCD′s composite was synthesized following a procedure
similar to one described in literature [41]. Thus, 5 mL of a GO dis-
persion (0.5 mg mL−1) were mixed in a glass bottle with 5 mL of an
aqueous solution of βCD's (80 mg mL−1) and 0.375 mL of ammonia
solution (28% w/w). Then, 0.01 mL of hydrazine solution (50% w/w)
were added and stirred during 5 min. Then, the mixture was transferred
to a water bath at 60 °C during 3.5 h. Once at room temperature, the
dispersion was centrifuged at 10000 rpm during 5 min and washed
several times with distilled water to remove the excesses of hydrazine
and βCD's.

2.5. Synthesis of the gold nanoparticles

The synthesis of AuNPs was carried out by electro-deposition. Thus,
the GCE/CRGO-βCD′s/ADA-SPE was added to a solution
5 × 10−4 mol L−1 HAuCl4 in pH 7.0 PBS and a potential was applied
during a certain time. The variation in the biosensor response was
studied from an experimental design, to choose the best applied po-
tential (Eapp) and the electro-deposition time (tapp).

2.6. Preparation of electrodes

Pretreatment of GCE: the electrodes were polished with alumina
slurries of 0.30 and 0.05 μm for 1 min each, and sonicated in water
during 30 s.

Preparation of GCE/CRGO-βCD′s: the polished GCE was modified
with CRGO-βCD′s composite (GCE/CRGO-βCD′s) by dropping an ali-
quot of 10 μL of the composite on the top of the electrode and allowing
drying during 30 min at 37 °C.

Preparation of GCE/CRGO-βCD′s/ADA-SPE: the GC/CRGO-βCD′s/
ADA-SPE was generated by immersion of GCE/CRGO-βCD′s in a solu-
tion ADA-SPE during 4 h in pH 7.0 PBS. Then, the GCE/CRGO-βCD′s/
ADA-SPE was washed with pH 7.00 PBS to remove remnants of the
ADA-SPE conjugate, no bonded to the GCE/CRGO-βCD′s.

Preparation of GCE/CRGO-βCD′s/ADA-SPE/AuNPs: the AuNPs were
electro-deposited by applying a potential of −0.25 V (vs. Ag/AgCl,
3 mol L−1 NaCl) at GCE/CRGO-βCD′s/ADA-SPE during 20 s in
0.5 mmol L−1 HAuCl4 + pH 7.0 PBS.

2.7. Experimental design

The construction of the enzymatic amperometric biosensor to de-
termine EUG depends on several variables that affect its analytical
performance. Thus, the factors involved in the construction of the
biosensor were first identified. They were:

• Volume of the CRGO-βCD′s composite deposited at the GCE surface.
• Incubation time of GCE/CRGO-βCD′s in the ADA-SPE solution.
• Generation stage of AuNPs (before or after of GCE/CRGO-βCD′s
incubation in the ADA-SPE solution).
• Electro-deposition potential of AuNPs.
• Electro-deposition time of AuNPs.
• Stabilization time of the biosensor in PBS (baseline stabilization).
• Potential applied to GCE/CRGO-βCD′s/ADA-SPE/AuNPs during the
stabilization process and EUG aggregates.
• pH: the pH value at which the amperometric measurements were
carried out.
• H2O2 concentration (cH O

*
2 2) at which the amperometric measure-

ments were performed.

Then, the factors that were significant to obtain the maximum
sensitivity were selected. Thus, a fractional factorial design (FFD),
29−4, was used to study the nine factors mentioned above [42]. Table
S1 (Supplementary material) shows the levels chosen for each factor.

Finally, the optimization stage of the significant factors was carried
out in order to optimize biosensor responses. Therefore, a composite
central design (CCD) with five factors at five levels was used. The re-
sponse to optimize was the slope of the EUG calibration curve. From
these results, 29 experiments were performed. The levels of significant
factors are shown in Table S2 (Supplementary material) for EUG con-
centrations in the range from 1 × 10−7 to 1 × 10−4 mol L−1.

3. Results and discussion

3.1. Characterization of the ADA-SPE conjugate

To verify the enzymatic activity of SPE after conjugation with ADA,
its enzymatic kinetics was studied using H2O2 as substrate and EUG as
co-substrate.

Thus, Fig. S1 (Supplementary material) shows uv–vis absorption
spectrum of EUG (line 1, Fig. S1) and uv–vis absorption spectra re-
corded during the development of the enzymatic reaction using the
ADA-SPE conjugate (lines 2 to 17, Fig. S1). From these results, it can be
deduced that the enzyme maintains its catalytic activity in the ADA-SPE
conjugate, since it is possible to observe the appearance of an absorp-
tion band at λ = 358 nm, which corresponds to an unstable inter-
mediary of the enzymatic reaction as it was previously discussed [43].

Through the use of MCR-ALS algorithm, the concentration profiles
of the different species involved in the enzymatic kinetics were de-
termined. Thus, Fig. S2 (Supplementary material) shows the responses
of cEUG

* vs. time obtained using SPE as well as ADA-SPE conjugate.
As it can be observed, the decay in the EUG concentration is lower

with the ADA-SPE conjugate than with SPE at short times. However,
both decays are practically the same after 140 s.

3.2. Characterization of the synthesis of CRGO-βCD′s composite

The characterization of CRGO-βCD′s composite was carried out
through uv–vis absorption spectroscopy measurements. Thus, GO
shows a maximum absorption at λ = 230 nm, assigned to a transition π
→ π* of the aromatic double bonds and a shoulder at λ = 300 nm,
assigned to a transition n → π* of C]O bond (Fig. S3 in Supplementary
material).

When the reduction of the GO occurs in the presence of βCD's to
obtain CRGO-βCD′s (see section 2.4.) the uv–vis spectrum changes its
shape. Thus, the absorption band due to the n→π* transition is mark-
edly diminished due to the reduction of the C]O groups of the GO (Fig.
S3 in Supplementary material).
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3.3. Characterization of the different stages of assembly of the biosensor

3.3.1. Electrochemical impedance spectroscopy and cyclic voltammetry
The different stages of assembly of the biosensor were characterized

by EIS and CV. Fig. 2A shows the Nyquist plots for a) GCE, b) GCE/
CRGO-βCD′s, c) GCE/CRGO-βCD′s/ADA-SPE and d) GCE/CRGO-βCD′s/
ADA-SPE/AuNPs. Fig. 2B shows the equivalent circuits that best fitted
the experimental data for the different electrodes (see below). They
were the Randless equivalent circuit (a) and the equivalent circuit
proposed by Casero et al. (b) [44].

Nyquist plots show two well differentiated sections. On the one
hand, semicircles can be observed at high frequencies which are related
to the kinetic control of electron transfer of the redox couple. On the
other hand, a linear portion is also observed at low frequency, which is
related to the diffusion control of the redox couple.

Thus, the Nyquist plot shows for the bare GCE a semicircle at high
frecuencies, and a straigh line at low frecuencies. The best fitting was
obtained when the Randles equivalent circuit was used (Fig. 2B a). In
this circuit, RS is the resistance of the solution, CPEdl is the constant
phase element of the electrical double layer, RET is the electron transfer
resistance and W is the Warburg element. From the best fitting, a value
of RET = 84 Ω was obtained.

In the case of the modified electrodes (GCE/CRGO-βCD′s, GCE/
CRGO-βCD′s/ADA-SPE and GCE/CRGO-βCD′s/ADA-SPE/AuNPs), the
equivalent circuit that best fitted the experimental data was the
equivalent circuit shown in Fig. 2B b. The CPEc in this equivalent circuit
is a constant phase element, which refers to the presence of different
nano-structures at the modified GCE. These nano-structures acts as a
dielectric that difficult the electron transfer of [Fe (CN) ]6

4/ 3 redox
couple.

The CPEc for the GCE/CRGO-βCD′s represents the oxygenated

functional groups that were not affected by the reduction of the GO by
hydrazine. From the fitting, the following value was obtained:
RET = 273 Ω.

The RET value increased for GCE/CRGO-βCD′s/ADA-SPE (compared
with GCE/CRGO-βCD′s) due to the incorporation of the ADA-SPE
composite which acts as a dielectric layer, hindering the electron
transfer of [Fe (CN) ]6

4/ 3 redox couple. From the best fitting, a value of
RET = 806 Ω was obtained for this modified electrode.

The incorporation of the AuNPs at GCE/CRGO-βCD′s/ADA-SPE

Fig. 2. A) Nyquist plots for a) GCE, b) GCE/CRGO-
βCD′s, c) GCE/CRGO-βCD′s/ADA-SPE and d) GCE/
CRGO-βCD′s/ADA-SPE/AuNPs. The solid lines cor-
respond to the fitted impedance spectra with the
corresponding equivalent circuits. B) Equivalent cir-
cuits that best fitted the experimental data for the
different electrodes a) Randless equivalent circuit
and b) equivalent circuit proposed by Casero et al.
[44].

Fig. 3. Cyclic voltammograms recorded in 1 × 10−3 mol L−1 [Fe (CN) ]6
4/ 3 +

0.1 mol L−1 KCl aqueos solution at a) GCE, b) GCE/CRGO-βCD′s, c) GCE/
CRGO-βCD′s/ADA-SPE and d) GCE/CRGO-βCD′s/ADA-SPE/AuNPs.
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(GCE/CRGO-βCD′s/ADA-SPE/AuNPs) produced an improvement in the
electron transfer of the [Fe (CN) ]6

4/ 3 redox couple, which implies a
decrease in the value of the RET. From the best fitting, a value of
RET = 627 Ω was obtained for GCE/CRGO-βCD′s/ADA-SPE/AuNPs.

Fig. 3 shows cyclic voltammperograms recorded for each one of the
stages of modification of the electrode surface during the construction
of the biosensor using 1 × 10−3 mol L−1 [Fe (CN) ]6

4/ 3 +
0.1 mol L−1 KCl aqueous solutions.

The anodic peak currents (Ip,a) and cathodic peak currents (Ip,c) of
the [Fe (CN) ]6

4/ 3 redox couple decrease at the modified electrodes
(GCE/CRGO-βCD′s (line b, Fig. 3)), GCE/CRGO-βCD′s/ADA-SPE (line c,
Fig. 3) and GCE/CRGO-βCD′s/ADA-SPE/AuNPs (line d, Fig. 3) com-
pared with the unmodified electrode (line a, Fig. 3).

For the GCE/CRGO-βCD′s a decrease for Ip,a and Ip,c are obtained
respect to those of GCE (compare lines a with b in Fig. 3). This is be-
cause to the fact that the CRGO-βCD composite acts as an insulator, due
in part to the oxygenated groups present in the GO that remain un-
reduced. In addition, the presence of βCD's can act as a separator be-
tween the sheets of CRGO hindering the discharge of the [Fe (CN) ]6

4/ 3

redox couple. However, there is a slight decrease in the difference be-
tween anodic and cathodic peak potentials ( Ep) at the modified
electrode compare with the bare of GCE. On the other hand, when the
ADA-SPE conjugate is added on the electrode surface (giving GCE/
CRGO-βCD′s/ADA-SPE) a new decay of the Ip,a and Ip,c and an increase
in Ep is obtained. This can be explained considering that ADA-SPE acts
as a dielectric layer, hindering the electron transfer of [Fe (CN) ]6

4/ 3

redox couple. Besides, the electro-deposition of the AuNPs at GCE/
CRGO-βCD′s/ADA-SPE (GCE/CRGO-βCD′s/ADA-SPE/AuNPs) produced
a slight improvement in the electron transfer of the redox couple (line
d, Fig. 3).

3.3.2. Scanning electron microscopy with energy dispersive spectroscopy
(SEM-EDS)

The surface morphology of the different stages of biosensor con-
struction was investigated from SEM and EDS images. Fig. 4 displays
typical SEM images for A) GCE/CRGO-βCD′s, B) GCE/CRGO-βCD′s/
ADA-SPE, C) GCE/CRGO-βCD′s/ADA-SPE/AuNPs, and Fig. 4D shows

the corresponding EDS image for GCE/CRGO-βCD′s/ADA-SPE/AuNPs.
Fig. 4A shows the wrinkles and folds characteristic of CRGO. When
conjugate ADA-SPE is added to the electrode modified with CRGO-
βCD′s, significant changes in surface roughness occur (Fig. 4B). The
surface morphology of electrode GCE/CRGO-βCD′s/ADA-SPE does not
change significantly after electro-generation of AuNPs (Fig. 4C). This
figure shows the appearance of small deposits on the surface of the
electrode, of a size of 15 nm. In order to confirm the origin and dis-
tribution of these small deposits, Fig. 4D shows a micrograph obtained
with elemental analysis by EDS. Thus, it is possible to observe that these
deposits are due to electro-generated AuNPs and that they are homo-
geneously distributed over the surface of the modified electrode. In
addition, Table 1 shows the percentage of each of the elements detected
on the surfaces. Thus, only C and O are present at the GCE/CRGO-βCD′s
surface. However, in addition to C and O, it was possible to detect the
presence of Fe at the GCE/CRGO-βCD′s/ADA-SPE surface, which is
related to the characteristic heme group of peroxidases. On the other
hand, the presence of Au is detected at GCE/CRGO-βCD′s/ADA-SPE/
AuNPs (Table 1).

3.4. Determination of EUG

The potential applied to GCE/CRGO-βCD/ADA-SPE/AuNPs during
the stabilization process and EUG aggregates is related to reduction of a
quinone (derived from EUG) for giving the corresponding catechol. This

Fig. 4. SEM images of A) GCE/CRGO-βCD′s, B) GCE/CRGO-βCD′s/ADA-SPE and C) GCE/CRGO-βCD′s/ADA-SPE/AuNPs, and D) EDS micrograph of GCE/CRGO-
βCD′s/ADA-SPE/AuNPs.

Table 1
Percentage composition of the elements present in the different modified
electrodes.

Element GCE/CRGO-
βCD′s

GCE/CRGO-βCD′s/
ADA-SPE

GCE/CRGO-βCD′s/ADA-
SPE/AuNPs

% Atomic % Atomic % Atomic

C 92 80 78
O 7 19 21
Fe 0.01 0.01
Au 0.08
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quinone is the product of the enzymatic reaction between SPE and EUG.
Kaffash et al. [45] describe that the enzymatic oxidation of phenols
through peroxidases gives an electroactive o-quinones. This reaction
occurs in three steps giving as product the corresponding 4-allyl-o-
quinone. Then, this 4-allyl-o-quinone produced can be reversibly re-
duced to 4-allyl-catechol at the electrode surface, as shown in Fig. S4
(Supplementary material). The electrochemical current, attributed to
the reduction of 4-allyl-o-quinone is proportional to the concentration
of 4-allyl-o-quinone and, it is directly related to the concentration of
EUG in solution.

Figure S4A (Supplementary material) shows the cyclic voltammo-
grams recorded at GCE/CRGO-βCD′s/ADA-SPE/AuNPs in pH 7.0 PBS in
the absence (line a) and in the presence (line b) of EUG. In the presence
of EUG there is an anodic peak at about 0.4 V, which is attributed to the
electrochemical oxidation of EUG. The small shoulder centered at ap-
proximately 0.2 V could be due to a small amount of the product of the
EUG electrochemical oxidation adsorbed at the electrode surface. When
the direction of the potential sweep is reversed, a cathodic peak is
observed at about 0.1 V which is attributed to the reduction of the
oxidation product of EUG. The peak centered at about – 0.5 V could be
attributed to the reduction of oxygenated groups still present in the
CRGO. Figure S4B (Supplementary material) shows a cyclic voltam-
mogram recorded when H2O2 was added to the electrochemical cell in
the presence of EUG. Due to the catalytic reaction of SPE on EUG, the 4-

allyl-o-quinone generation occurs. At a potential of – 0.2 V, this qui-
none is reduced to the corresponding 4-allyl-cathecol. Thus, the ca-
thecol is oxidized (peak Ia) during the anodic scan, and when the di-
rection of the potential sweep is reversed, the corresponding quinone is
reduced (peak Ic). Peaks are centered at 0.24 and 0.18 V, respectively.
Thus, in the amperometric measurements at a potential of 0 V the
changes in currents obtained are due to the transformation of the en-
zymatically generated 4-allyl-o-quinone to its corresponding 4-allyl-
cathecol on the electrode surface.

Fig. 5A shows the steady-state reduction currents (Iss) obtained after
the addition of different EUG aliquots, in the presence of
1 × 10−4 mol L−1 H2O2. The steady state condition is reached at 30 s.
The electro-deposition of AuNPs on the surface of the biosensor pro-
duced a slight increase in the redox couple reversibility as it can be
inferred from cyclic voltammograms of Fig. 3, and a decrease in the
signal stabilization time after the different aggregates of EUG compared
to that the biosensor without AuNPs (results no shown). Fig. 5B shows
the corresponding calibration curve ( Iss vs cEUG

* ). Each point of the
calibration curve is the average of five replicated measurements ob-
tained using different GCE/CRGO-βCD′s/ADA-SPE/AuNPs.

Biosensor sensitivity was (5.3 ± 0.3) x 10−3 A mol−1 L. The linear
concentration range was from 1.3 × 10−8 M to 1 × 10−5 mol L−1. The
limit of detection (LOD) measured with the GCE/CRGO-βCD′s/ADA-
SPE/AuNPs biosensor for a signal to noise ratio of 3:1 was
4 × 10−9 mol L−1. The quantification limit (LOQ) calculated for a
signal to noise ratio of 10:1 were 1.3 × 10−8 mol L−1.

The GCE/CRGO-βCD′s/ADA-SPE/AuNPs biosensor reproducibility
was tested by measuring the sensibility of the corresponding calibration
curves of five different bio-electrodes for the determination of EUG in
pH 7.0 PBS containing 1 × 10−4 mol L−1 H2O2. Therefore, the intraday
and inter-day were percentage variation coefficients (VC%) were 5%
and 8%, respectively. Repeatability was determined by measuring the
sensibility of five calibration curves obtained with the same GCE/
CRGO-βCD′s/ADA-SPE/AuNPs biosensor. A VC% of 3% was calculated.
The biosensor was stable during twenty one days stored at 4 °C. A de-
crease of 30% in current responses was observed after the fourth week.

These values are similar but some parameters are better than those
found in the literature for EUG using other electrochemical methods
(Table 2). The lowest LOD for the determination of EUG has been
achieved using GCE/CRGO-βCD′s/ADA-SPE/AuNPs biosensor. Al-
though the upper limit of the linear range is higher in some methods
[12,20], in others they are of the same order of magnitude, but the
lowest limit is achieved with our biosensor. On the other hand, the
biosensor stability is similar to that reported in literature. In addition, it
should be emphasized that the biosensor proposed in this paper is the
first based on the use of an enzyme for the determination of EUG en
dental samples.

The Michaelis-Menten apparent constant (KM
app) was determined

through both the Lineweaver-Burk (Eq. (1)) and Eadi-Hofstee (Eq. (2))
methods [27].

Fig. 5. A) Iss vs. t for different aliquots of EUG. 1) 1 × 10−7, 2) 3 × 10−7, 3)
5 × 10−7, 4) 1 × 10−6, 5) 3 × 10−6, 6) 5 × 10−6, 7) 1 × 10−5, 8) 3 × 10−5,
9) 6 × 10−5, 10) 8 × 10−5 and 11) 1 × 10−4 mol L−1. B) ΔIss vs. cEUG

* plot.
The linear section of the calibration curve, which can be expressed by the linear
least squares procedure as: ΔIss = (5.3 ± 0.3) × 10−3 × cEUG

* (mol
L−1) + (2.0 ± 0.1) × 10−9 (A). Linear correlation coefficient, r = 0.9985.

Table 2
Comparison of results obtained by the proposed method with other electro-
chemical methods found in the literature.

Electrode Linear range
(μmol L−1)

LOD (μmol
L−1)

Stability
(days)

Ref.

GCE/PDDA-G-MoS2/Au 0.1–440 0.036 15 [12]
AuNPs/CPE 5–250 2 – [20]
Cu@AuNPs/GCE 0.3–4.9 0.25 – [21]
G/CPE 0.1–17 0.007 – [22]
(G-CNTs-IL)/GCE/MIP 0.5–20 0.1 20 [23]
Graphene modified CPE 0.1–17 0.007 – [46]
Pencil graphite

electrode
0.3–50 0.085 – [47]

GCE/CRGO-βCD′s/
ADA-SPE/AuNPs

0.013–10 0.004 15 This
work
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where Imax is the current obtained at the maximum reaction rate, under
saturation conditions. From both methods a value of KM

app of
3.1 × 10−6 mol L−1 was obtained. This value of KM

app is in good
agreement with others obtained by us for other analytes, demonstrating
that EUG is a good co-substrate of peroxidase enzymes [48–50].

3.5. Determination of EUG in real samples

The GCE/CRGO-βCD′s/ADA-SPE/NPsAu biosensor was used to de-
termine EUG in two samples of dental use (a local oral analgesic
treatment medicine and an intermediate restoration cement kit).

For the oral analgesic sample (Sample 1) it was only necessary to
make a 1:100 dilution in 0.2 mol L−1 pH 7.0 PBS. The determination of
EUG in these samples was carried out using the method of standard
additions. After stabilizing the biosensor in the pH 7.0 PBS, an aliquot
of the diluted solution was injected into the electrochemical cell at a

final volume of 2 mL. Then, different aliquots of the EUG commercial
solution were added every 2 min. Fig. 6 shows the amperograms ob-
tained after these additions. Table 3 shows the concentrations of EUG of
the prepared solutions from the oral analgesic sample (EUG con-
centration declared by the manufacturer is 0.3 mol L−1) and those
determined using the method of standard additions, with the corre-
sponding recovery percentages (% R).

On other hand, the GCE/CRGO-βCD′s/ADA-SPE/AuNPs biosensor
was used to determine EUG in another dental sample (Sample 2). This
sample is an intermediate restoration cement kit, which it is composed
to a EUG solution (dissolved in acetic acid) and a powder containing
ZnO and methyl polymethacrylate (EUG concentration declared by the
manufacturer is 2.5 × 10−3 mol L−1). The determination of EUG in this
sample was also carried out using also the method of standard addi-
tions. In this kit, two different types of experiments were performed. On
the one hand, EUG was determined in the liquid sample of the kit
(Sample 2A) only by performing a dilution and subsequent addition to
the cell (data not shown). On the other hand, the intermediate re-
storation cement was prepared as indicated by the manufacturer.
Subsequently, the prepared paste was extracted with pH 7.0 PBS (in a
1:2 ratio of paste/PBS) and left to rest overnight. This was done because
when the EUG joins the ZnO a chelation reaction occurs, forming zinc
eugenolate (ZOE). When the ZOE is exposed to an aqueous medium
such as saliva (pH 7.0 PBS in our experience), hydrolysis occurs, giving
EUG and ZnOH [51]. Then, a sample aliquot (Sample 2B) was extracted
from the supernatant of the previous preparation and a 1: 100 dilution
was carried out. Table 3 shows the concentrations of the used solutions
and those calculated using the standard additions method, with the
corresponding recovery percentages.

The recovery percentages of EUG in the samples were between 94
and 108%. These results show that GCE/CRGO-βCD′s/ADA-SPE/AuNPs
can be applied to determine EUG efficiently in real samples, such as a
local oral analgesic treatment medicine and an intermediate restoration
cement kit.

4. Conclusions

A GCE/CRGO-βCD′s/ADA-SPE/AuNPs biosensor was successfully
developed for the determination of eugenol in dental samples. The
GCE/CRGO-βCD′s/ADA-SPE/AuNPs biosensor exhibited a very good
performance for the quantification of eugenol. Thus, this biosensor
shows a linear range between 1.3 × 10−8 and 1 × 10−5 mol L−1, with
a sensitivity of (5.3 ± 0.3) x 10−4 A mol−1 L. The limits of detection
and quantification were 4 × 10−9 mol L−1 and 1.3 × 10−8 mol L−1,
respectively. Biosensors have an intraday and inter days reproducibility

Fig. 6. Responses of the biosensor to the addition of a given aliquot of the local
oral analgesic solution (1) and different aliquots (2–5) of the EUG commercial
solution. cEUG

* = 3.5 × 10−6, 5 × 10−6, 7.5 × 10−6, 1 × 10−5 mol L−1 from
(2) to (5), respectively.

Table 3
Determination de EUG in dental samples.

cEUG
* added (mol L−1) Sample 1 Sample 2A Sample 2B

cEUG
* founda (mol L−1) % Rb cEUG

* founda (mol L−1) % Rb cEUG
* founda (mol L−1) % Rb

5 × 10−7 ± x(4.7 0.1) 10 7 94 ± x(5.4 0.1) 10 7 108
1 × 10−6 ± x(9.8 0.4) 10 7 98
3 × 10−6 ± x(2.9 0.3) 10 6 97
3.5 × 10−6 ± x(3.4 0.4) 10 6 97
5 × 10−6 ± x(5.3 0.4) 10 7 107 ± x(4.9 0.4) 10 6 97
7 × 10−6 ± x(7.0 0.3) 10 6 100
1.3 × 10−5 ± x(1.3 0.4) 10 5 100

Sample 1: oral analgesic sample.
Sample 2A and 2B: intermediate restoration cement kit (see text).
a Mean value ± standard deviation.
b Recovery porcentaje.
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of 5% and 8%, respectively. A repeatability of 3%, and a stability of 21
days (a decrease of 30% in current responses was observed after the
fourth week.). Recovery studies were performed in order to validate the
proposed method. Recovery percentages of the samples varied between
94 and 108%. The value of the apparent Michaellis-Menten constant,
KM

app, was 3.1 × 10−6 × 10−6 mol L−1 obtained by using both
Lineweaver-Burk and Eadi-Hofstee methods.
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