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Abstract A highly sensitive modified gold (Au) electrode using cysteine-coated silver nanoparticles

(Cys-AgNPs) is designed. The electrochemical activity of this designed sensor has exhibited an

excellent response for the detection of 3-chloropropane-1,2-diol (3-MCPD). Indeed, the investiga-

tion of electrochemical behavior of 3-MCPD at the Cys-AgNPs/Au electrode has shown that the

electrocatalytic activity for the 3-MCPD oxidation in NaOH solution is enhanced by three-fold with

the presence of Cys-AgNPs film. This Cys-AgNPs film is found to be stable on the Au electrode and

the developed electrode can be reused several times while obtaining excellent results. Furthermore,

using differential pulse voltammetry technique, the oxidation current peak shows a linear relation-

ship with 3-MCPD concentration between 2.5 ng/mL and 200 ng/mL. The calculated limit of detec-

tion (LOD) and limit of quantification (LOQ) are found to be 2.4 ng/mL and 8.6 ng/mL,

respectively. A recovery rate ranging from 96% to 105% in the presence of interfering compounds

with similar structure to 3-MCPD or not are observed for the determination of 3-MCPD. More-

over, the developed sensor is successfully applied to the determination of 3-MCPD in smoked

mackerel and palm oil samples with results which show 3-MCPD concentration ranging from

174 to 439 lg/kg and 895 to 1280 lg/kg in smoked mackerel and palm oil samples, respectively.
ail.com
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In addition to the reusability and stability of the electrode, these results suggest that this Cys-

AgNPs/Au electrode can be used as an effective sensor to monitor and determine trace level of

3-MCPD in foodstuffs.

� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

3-chloro-1,2-propanediol (3-MCPD) is known as one of the
neo-formed contaminants of foodstuffs that belongs to chloro-
propanol groups, and the most stable in food among its iso-
mers (Jiang et al., 2018). Indeed, 3-MCPD is produced via

acidic hydrolysis of lipids in the presence of chlorine which is
intensified by high deodorization temperature in the process
of refining edible oils or during high-temperature processing

of foods containing lipids. It has been detected and quantified
in a large variety of processed foods, including infant formulas
(Cheng et al., 2017; Gao et al., 2019). 3-MPCD and its isomers,

especially 2-MCPD and glycidol can also be formed from their
ester derivatives and are widely reported in edible oils. How-
ever, they have turned out to be highly toxic chemicals, and
harmful to human health and the environment (Xing and

Cao, 2007). Their toxicity has been demonstrated for rodents,
and 3-MCPD absorption in human is well reported (Araujo
et al., 2020). In fact, 3-MCPD is considered to be a potent

human carcinogen, to have adverse effects on the kidney, stri-
ated muscle, immune and central nervous system functions,
and testicular organogenesis (Buhrke et al., 2015; Schultrich

et al., 2017). In addition, it has been found in human breast
milk (originated from diets) suggesting that infants are also
exposed (Zelinková et al., 2008). For this purpose, regulatory

bodies such as the Commission Regulation of European Com-
mission recommends 50 mg/kg for dry matter and 20 mg/kg for
a liquid product containing 40% of dry matter as an accept-
able concentration limit in edible products (European

Commission, 2010; Stadler and Lineback, 2008) while the
Food and Agriculture Organization of the United Nations
(FAO) recommends a limitation of the quantity of the com-

pounds involved in the appearance of these neo-formed con-
taminants in the manufactured food (FAO/WHO, 2017).
Without further ado, the scientific community has developed

several methods for extracting, detecting, and quantifying
these toxic compounds, it is particularly the case of 3-
MCPD. The used methods of detection and quantification

are essentially divided into indirect and direct methods, and
rely on the use of complex methods like gas chromatography
or liquid chromatography coupled with mass spectrometry
(Zhou et al., 2014b). The use of these high-resolution devices

whether or not using deuterated standards, guarantees the
specificity of the methods (Gao et al., 2019). In that respect,
two main reference methods are accepted: one is recommended

by the German Society for Fat Science (DGF (C-VI 17 (10))
and the other one by the American Oil Chemists’ Society
(AOCS (Cd 29c-13)) (Karl et al., 2016). Later, another

approach that is based on a specifically mild alkaline ester
cleavage so called SGS (Société générale de surveillance) 3-
in-1 which is a methodology developed by Kuhlmann for
heterogenous foods was introduced (Kuhlmann, 2011). These

methods are upgraded regularly and correspond to ISO
method 18363–1 (Lucas et al., 2017). The principle is quite
the same as the MCPD esters are mostly converted into free

analytes, namely into 2-MCPD, 3-MCPD and glycidol, and
derivatized using phenylboronic acid (PBA) before gas
chromatography-mass spectrometry (GC–MS) analysis. By

multiple reaction monitoring approach, the limit of detection
can reach 0.01 mg/kg with 0.05 mg/kg as limit of quantification
(Goh et al., 2019). Recently, non-MS-based methods have

been published. The detection and quantification of 3-
MCPD is possible through attenuated total reflection-
Fourier transform ion cyclotron resonance (Goh et al.,
2019). All these methods have some drawbacks in terms of

their cost, time-consuming and their experimental complexity.
In our recent work (Martin et al., 2021), cysteine–silver

nanoparticles (Cys-AgNPs) based colorimetric method has

been used for the determination of 3-MCPD. This technique
has displayed rapid response, low cost, and good selectivity
for 3-MCPD detection due to the rearrangement of the cys-

teine on the silver nanoparticles. In this rearrangement, the
bond between the cysteine molecule and the silver nanoparticle
is provided by the sulfur atom leaving the amine and car-
boxylic groups available which are sensitive to chemical reac-

tions. Despite these advantages, the limit of detection
(0.084 lg/mL) is not sufficient to guarantee food safety and
quality as this value is higher than the recommended limit in

foodstuffs. Moreover, the electrochemical technique has
emerged as a promising analytical technique. In this technique,
surface modification is the proper way to obtain good results

for the determination of toxic compounds especially for the
detection of 3-MCPD (Yaman et al., 2021; Yuan et al.,
2019). In this trend, modified gold electrode has shown its

effectiveness as analytical tool for the detection of wide range
of compounds in different media especially for pharmaceuti-
cals and human fluids (Bukkitgar et al., 2017; Shetti et al.,
2015), and in food or environment (Shetti et al., 2017). How-

ever, study has demonstrated that the oxidation of 3-MCPD
on gold electrode is better in basic media, especially in sodium
hydroxide (NaOH) solution than in either of other electrolytes

(Chbihi et al., 2008).
It should be noted that studies have demonstrated that the

stability of Cys-AgNPs is higher when pH > 7 in which the

cysteine molecules are bound to silver nanoparticles through
their sulfur atom, leaving free amine and carboxylic groups
(Csapó et al., 2012; Martin et al., 2021). On the one hand, it

is well known that the toxicological property of 3-MCPD
esters is constituted by the release of 3-MCPD during diges-
tion, and on the other hand, 3-MCPD is known to be prepon-
derant with a ratio up to 10 when there is coexistence with its

isomers, namely glycidol and 2-MCPD (Andres et al., 2013; Fu
et al., 2007; Kuhlmann, 2011; Rahn and Yaylayan, 2011). For
this reason, the determination of 3-MCPD instead of its esters

or isomers is of utmost importance for food control. There-
fore, a simple and rapid method for the detection of 3-
MCPD would always be of prime importance.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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In this current work, an electrochemical sensor is designed
by depositing cysteine-modified silver nanoparticles on a gold
electrode (Cys-AgNPs/Au). Indeed, a simple immersion of the

gold electrode in a solution of Cys-AgNPs has allowed design-
ing an ultra-sensitive electrode for the detection of 3-MCPD at
trace level with a concentration as low as 2.4 ng/mL in NaOH

electrolyte. This electrochemical sensor has the advantages of
being low cost, high sensitive, and selective toward 3-MCPD
detection. Furthermore, this technique has shown good repro-

ducibility, reusability, stability, and recovery, thus providing a
promising sensor for 3-MCPD detection in foodstuffs.

2. Material and methods

2.1. Reagents

All chemicals used were of analytical grade and were used as
received without any further purification. The following chem-
icals were used throughout this work. Silver nitrate (AgNO3,

99%), 3-monochloropropane-1,2-diol (3-MCPD, 98%), glyc-
erol (C3H8O3, 99%), sodium hydroxide (NaOH, 98%), iron
sulfate (FeSO4, 7H2O, 99%) and 3-Bromo-1,2-propanediol

(3-MBPD, 97%) were purchased from Sigma-Aldrich (St.
Louis, MO, USA), and L-cysteine (C3H7NO2S, 98%) and zinc
nitrate (Zn(NO3)2, 4H2O; 98%) were from Merck (Darmstadt,

Germany). Glycidol (C3H6O2, 98%) was supplied by Titan
Scientific Ltd (Shanghai, China). Sodium chloride (NaCl,
99%) and copper sulfate (CuSO4, 5H2O; 99–100%) were

obtained from Pancreac (Germany). 2-monochloroproane-
1,3-diol (2-MCPD, 100 lg/mL) was provided by Alta scientific
Ltd. (Tianjin, China), and propylene glycol (C3H8O2, 99.5%)
was acquired from Aladdin Biochemical Technology Co.

Ltd. (Shanghai, China) while ethylene glycol (C2H6O2,
99.5%) was supplied by Sinopharm Chemical Reagent Co.
Ltd. (Shanghai, China). Ultra-pure water obtained from

deionized (DI) water system (Sichuan Zhuoyue Water Treat-
ment Equipment Co., Ltd, Chengdu, China) with a resistivity
of 18.25 MX�cm was used throughout all the experiments. The

smoked fish (mackerel) samples and palm oil were obtained
from various wholesale markets, namely Abobo (Grand
marche, Siaka Kone market and Abobote market), Adjame
(Forum, Gouro market and Roxy market) and Yopougon

(Niangon market, Gouro market and Abobodoume market).
Fifty-four samples were collected for all.

2.2. Apparatus and instrumentations

All Electrochemical measurements were performed with a
MiniONE Electrochemical workstation (plug and play style),

a homemade equipment provided by East China University
of Science and Technology (MiniONE Instruments, Shanghai,
China). A conventional three-electrode system consisting of

modified gold electrode (Cys-AgNPs/Au) as working electrode
((U = 1 mm), carbon leg wire as a counter electrode and a sat-
urated calomel electrode (SCE) as reference electrode were
employed. All experiments were performed at ambient temper-

ature. Scanning electron microscopy (SEM) images were
obtained using SEM FEG Supra 40VP Zeiss (Oberkochen,
Germany). The electrode cleaning process was carried out in

an ultrasonic cleaner (Bandelin electronic super AK 255,
Germany).
2.3. Fabrication of Cys-AgNPs/Au electrode

Cys-AgNPs synthesis: The Cys-AgNPs nanostructures were
synthesized according to the previous published method
(Martin et al., 2021). Briefly, 0.005 g of L-cysteine was dis-

solved in 100 mL of DI water. Then 0.02 g of AgNO3 was
added and left under magnetic stirring for five minutes fol-
lowed by the addition of 0.1 g of sodium hydroxide while heat-
ing at 60 �C under gently magnetic stirring for five hours.

Pretreatment of the Au electrode: Before the use of the Au
electrode, the surface of the disc was polished with alumina
(0.05 mm slurry diameter), followed by ultrasonic cleaning in

DI water and ethanol for two minutes for each step. This elec-
trode was electrochemically cleaned in sulfuric acid solution
(H2SO4, 1 M) by polarizing the electrode for 60 s at �2 V

and +2.5 V to form H2 and O2 bubbles, respectively, at the
electrode surface. Then, cyclic voltammograms (CV) were
recorded between �2 V and +2.5 V at 100 mV/s until repro-

ducible cycles were obtained.
Cys-AgNPs/Au electrode fabrication process: After clean-

ing, the electrode was immersed in a colloidal solution of
Cys-AgNPs for a certain time (the time was optimized) and

dried at room temperature (28 �C) for approximately 30 min.
This process was repeated several times (the number of layer
deposits has been optimized). The obtained Cys-AgNPs/Au

electrode was finally used in an aqueous NaOH solution as
electrolyte for the detection of 3-MCPD in the potential range
from �1.5 V to +1.5 V at 100 mV/s as scan rate through cyclic

voltammetry (CV) and differential pulse voltammetry (DPV)
techniques.

2.4. Electrochemical detection of 3-MCPD

The response at bare and modified gold electrode towards
3-MCPD was studied using CV and DPV techniques. In a typ-
ical procedure for the detection of 3-MCPD, 50 mL of appro-

priate concentration of NaOH solution was transferred into an
electrochemical cell. An appropriate amount of 3-MCPD was
added from the stock solution into the cell. Then, after homog-

enizing, the CV was recorded from �1.5 to +1.4 V (only the
useful part is displayed) in the cathodic direction using
100 mV/s as scan rate. For the calibration, different concentra-

tions varying from 2.5 ng/mL to 530 ng/mL of 3-MCPD were
prepared and used in the DPV technique. All DPV experi-
ments were done between �0.5 V and +1.4 V at a scan rate
of 100 mV/s, pulse time of 0.05 s, sample time of 0.1 s, stand

time of 2 s, staircase potential of 7 mV and pulse amplitude
of 100 mV.

2.5. Application in real sample

The quantification of 3-MCPD in a food sample was carried
out using DPV technique by mixing 0.5 mL of sample extract

in 50 mL aqueous solution of 4 M NaOH in the electrochem-
ical cell. The extraction method is described in our previous
study (Martin et al., 2021): Typically, to 5 g of the sample

placed in a 50 mL centrifuge tube, 30 mL of a hexane/acetone
mixture (1:1, v/v) was added. The mixture was homogenized
for 10 min with a vortex and then filtered with Buchner. The
solid residue was washed twice with 10 mL of the same hex-

ane/acetone mixture and the filtrate was transferred to a sepa-
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rating funnel containing 10 mL of water. The lower aqueous
layer was separated from the organic layer, which was re-
extracted with another 10 mL portion of water. The two com-

bined extracts were evaporated in a 100 mL distilling flask
under vacuum at 55 �C to evaporate the remaining acetone.
The level of 3-MCPD was calculated from the calibration

curve.
All experiments done throughout this work were carried

out in triplicate (n = 3), unless otherwise specified.

3. Results and discussion

3.1. Electrochemical characterization of Cys-AgNPs modified

Au electrode

The electrochemical behavior of the electrode in the absence or
presence of 3-MCPD was studied using CV technique in 6 M
NaOH at a scanning rate of 100 mV/s (Figure 1A). As dis-
played, a classic form of CV in NaOHmedium at bare Au elec-

trode is obtained with two reduction peaks at �0.341 and
+0.067 V/vs. SCE, and an oxidation peak at +1.011 V/vs.
SCE (Figure 1A, a). However, coating Au electrode with

Cys-AgNPs, except the reduction peak at �0.341 V/vs. SCE,
the CV response of the Au electrode is significantly affected
with an enhancement of the oxidation and reduction peaks

(Figure 1A, b). In addition, all the potentials associated to
these peaks are shift from their initial position. The change
in redox current peak and potential shifts in these voltammet-

ric graphs validate the electron transfer at the fabricated
electrode and certify the formation of adsorbed thin film of
Cys-AgNPs on the electrode surface (Pushpanjali et al.,
2019) and may suggest an enhancement of the electrochemical

properties. Moreover, the enhancement of the peak around
+1.011 V/vs. SCE is more important than those of the reduc-
tion peaks indicating that the Cys-AgNPs film improves the

process of 2.5 electron transfer (Tian et al., 2003). Based on
the literature and these results, two pathways can therefore
be suggested for the oxidation of 3-MCPD on the Cys-

AgNPs/Au electrode as shown in Scheme 1: 1) a natural path-
way which leads to the formation of beta-chlorolactic acid (in-
volved in the inhibition of the glycolysis) followed by the
Scheme 1 Probable pathwa
formation of oxalic acid and 2) another one which leads to
the formation of glycidic acid or carbon dioxide via glycidol
(Andres et al., 2013; Jones and Fakhouri, 1979; Lynch et al.,

1998; Wandel et al., 2001).
Besides, in the presence of 2 lg/mL of the contaminant 3-

MCPD, using the Au electrode (Figure 1B, a), a pronounced

oxidation peak around +0.078 V/vs. SCE is observed, suggest-
ing that 3-MCPD has an activity on the Au electrode in the
chosen potential range and can be used for the detection of

3-MCPD. However, by modifying the Au electrode with the
Cys-AgNPs (Figure 1B, b), a significant increase in the activity
of 3-MCPD is observed with a slight shift of the potentials
(+0.081 V/vs. SCE) towards high potentials compared to that

obtained with the bare Au electrode. This increase in the peak
intensity and shift in the peak potential of the 3-MCPD show
not only that the presence of the Cys-AgNPs film increases the

specific surface and the conductivity of the Au electrode but
also that there is indeed an adsorption of the 3-MCPD mole-
cules on the Cys-AgNPS/Au electrode (Bibi et al., 2019;

Pushpanjali et al., 2019; Sun et al., 2011). These observations
support the electrocatalytic nature of the Cys-AgNPs/Au elec-
trode for the oxidation of 3-MCPD (Sun et al., 2011). Indeed,

cysteine has several sites (amine and carboxylic functions)
which can interact with the 3-MCPD to attract this latter clo-
ser as possible to the active catalytic centers, which are not
only on the surface of the Au electrode but also on Ag

nanoparticles of the modified Cys-AgNPs/Au electrode.
To further confirm the electrocatalytic nature of the Cys-

AgNPs/Au electrode, the electroactive surface area of the

unmodified and fabricated electrodes was assessed. The
Randles-Sevcik equation (Equation (1)) for a reversible pro-
cess was used to evaluate the electrode surface area:

Ip ¼ 2:690105n3=2AD1=2n1=2C ð1Þ

where Ip represents the oxidation current peak around

+1.011 V/vs. SCE, n the number of transferred electrons
(which is found to be 2.5), A stands for the area of the elec-
troactive surface, D denotes the diffusion coefficient (D is

226 � 10�6 s/cm2 in the case of 6 M NaOH (Zhang et al.,
2009)) while m and C represent the scan rate and the concentra-
tion of 3-MCPD, respectively.
ys of 3-MCPD oxidation.
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Using Equation (1) and the results from Fig. 1B, the values
of A at Au electrode and Cys-AgNPs/Au electrode are
0.253 cm2 and 0.739 cm2, respectively. As indicated, the elec-

troactive surface area of the Cys-AgNPs/Au electrode is three
times higher than that of Au electrode confirming the enhance-
ment of the electrocatalytic properties with the presence of

Cys-AgNPs film on the Au electrode.

3.2. Effect of NaOH concentration

The effect of the concentration of NaOH used on the electro-
chemical response of Cys-AgNPs/Au electrode in the presence
of 3-MCPD was evaluated in the concentration range from

0.5 M to 8 M (Fig. 1C&D). The results show that the intensity
of the oxidation peak of 3-MCPD around +0.081 mV/vs. SCE
increases with an increase in NaOH concentration until reach-
ing a maximum at around 4 M and decreases beyond this con-

centration (Fig. 1D). This increase is due to the enhanced
activation effect of the hydroxide ions for the oxidation reac-
tion of 3-MCPD (Rudisirisak and Ngowattana, 2017). More

precisely, these hydroxide ions promote the carboxylate and
amide ions which can facilitate the 3-MCPD adsorption by
substitution of the chloride ion as shown in Scheme 2

(Hamlet et al., 2002). This assertion assumes that the second
route of oxidation in Scheme 1 is less likely. This is also con-
firmed by the fact that glycidol is stable in alkaline medium.
On the other hand, the decrease observed beyond 4 M could
Fig. 1 Cyclic voltammograms A) in the absence and B) in the presen

electrode in 6 M NaOH at 100 mV/s. C) Cyclic voltammograms of Cy

concentrations of electrolyte: (a) 0.5 M; (b) 1 M; (c) 2 M; (d) 4 M; (e

intensity of the oxidation current peak of 3-MCPD at +0.078 V/vs. S
be due to the effect of competition between the contaminant
3-MCPD and the excess of OH� ions at the active sites on
the Cys-AgNPs/Au electrode surface. These OH� ions can

lead to the formation of a metal oxide film and can play a role
of inhibitor (Parpot et al., 2006). As the maximum is obtained
at 4 M NaOH, the following experiments are done with this

concentration.

3.3. Effect of immersion time of the Au electrode in the
Cys–AgNPs solution

The effect of the immersion duration of the Au electrode in the
Cys-AgNPs solution was studied at different immersion times

from 30 min to 180 min in order to find the best immersion
time for the fabrication of the modified electrode (Fig. 2A&
B). Except the slight shifts of the oxidation and reduction
peaks, the obtained results do not show any change in the pro-

file of the different graphs, the same characteristic peaks of the
Au electrode and 3-MCPD are observed. These shifts indicate
that the thickness of the Cys-AgNPs film change with the

increase of the immersion time. Furthermore, an increase in
the intensity of the 3-MCPD oxidation peak is also displayed
for an increase in the immersion duration up to 90 min

(Fig. 2B) and a decrease is obtained beyond 90 min. This max-
imum suggests that the best immersion time is 90 min. The
immersion time of the Au electrode in the Cys-AgNPs solution
is therefore set at 90 min for the next experiments.
ce of 2 mg/mL of 3-MCPD at (a) bare Au, and (b) Cys–AgNPs/Au

s-AgNPs/Au in the presence of 2 mg/mL of 3-MCPD at different

) 6 M and (f) 8 M of NaOH at 100 mV/s and D) corresponding

CE for different concentrations of NaOH.



Scheme 2 Probable route of 3-MCPD oxidation on the Cys-AgNPs/Au electrode.

Fig. 2 A) Cyclic voltammograms recorded in 4 M NaOH solution at 100 mV/s in the presence of 2 lg/mL of 3-MCPD at different

immersion times of the Au electrode in the colloidal solution of Cys-AgNPs. B) Peak of their intensity as a function of immersion time (a)

30, (b) 60, (c) 90, (d) 120, (e) 150 and (f) 180 min. SEM image obtained at: C) 0 min; D) 30 min; E) 60 min; F) 90 min; G) 120 min and H)

180 min of immersion of the Au electrode in Cys-AgNPs solution.

6 A.A. Martin et al.
In order to understand this electrochemical response at
90 min, the SEM images for different immersion times, namely

0, 30, 60, 90, 120, and 180 min, were performed (Fig. 2C-H).
The SEM images show that the size and dispersion of Cys–
AgNPs particles on the Au electrode vary with the duration

of immersion. Wire-like growth is observed over time, and
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their arrangement is a function of time. For a duration of less
than 90 min (Fig. 2D-F), perpendicular nanowire growth on
the effective surface area of the disc Au electrode is observed.

More particularly, the nanowires obtained at 90 min are well
developed and distributed compared with the distribution for
the other cases. Indeed, these Cys–AgNPs nanowires are uni-

formly and densely oriented vertically with respect to the Au
electrode surface, forming a highly porous surface morphology
with an average diameter of 30 nm on the surface of the Au

electrode. Beyond 90 min, the nanowires are parallelly devel-
oped to the effective surface of the Au electrode
(Fig. 2G&H), leading to low conductivity. This is clear evi-
dence that the perpendicular arrangement of the wires on the

effective surface of the electrode promotes a higher electrocat-
alytic activity, indicating that this orientation is appropriate
for good conductivity and confirming 90 min as appropriate

immersion time (Ning et al., 2014).

3.4. Effect of the deposition cycles of Cys–AgNPs

The optimum cycles of Cys-AgNPs layer on the Au electrode
for better detection of 3-MCPD were examined by CV tech-
nique in the presence of 2 mg/mL of 3-MCPD (Fig. 3A&B).

As shown in these figures, the 3-MCPD oxidation peak shows
the strongest intensity for three layers, suggesting that the
three-layer deposition is ideal for better fabrication of the
Cys-AgNPs/Au electrode for the detection of 3-MCPD. There-

fore, the number of Cys-AgNPs layers deposited on the Au
electrode is set at three for the following experiments.
Fig. 3 A) Cyclic voltammograms of the Cys-AgNPs/Au electrode ob

layers and b) four layers of Cys-AgNPs on the Au electrode in 4 M N

Number of layers versus the intensity of the 3-MCPD oxidation peak.

MCPD on the Cys-AgNPs/Au electrode. D) Oxidation peak intensity
3.5. Effect of scan rate

The effect of the scan rate on the oxidation peaks of 3-MCPD
was evaluated from 10 mV/s to 200 mV/s in a solution of 4 M
NaOH in the presence of 2 lg/mL of 3-MCPD (Fig. 3C&D).

As displayed, the oxidation peak of 3-MCPD increases linearly
with the square root of scan rate (Equation (2)). This linear
increase indicates that the oxidation process of 3-MCPD on
Cys-AgNPs/Au electrode is controlled by a diffusion process

on the surface of this electrode while the potential shift sug-
gests the phenomenon of adsorption of the 3-MCPDmolecules
before their process of oxidation (Bibi et al., 2019). This is

mainly attributed to the active sites and the porous nature of
Cys-AgNPs film on the Au electrode. However, to avoid fre-
quent overload during the experiment, the scan rate is set at

100 mV/s for the remaining experiments.

I3�MCPD ¼ 28123:6n1=2 � 29:1 ð2Þ
3.6. Determination of 3-MCPD and Cys-AgNPs/Au sensitivity

The sensitivity of Cys-AgNPs/Au electrode was evaluated by

studying the DPV response of 3-MCPD oxidation on the
Cys-AgNPs/Au electrode (Fig. 4A). As displayed in Fig. 2B
& C, a good linearity ranging from 2.5 ng/mL to 200 ng/mL
between the intensity of the oxidation peak and the concentra-

tion of 3-MCPD is obtained with associated linear equation I
(lA) = 68.59 � C (lg/mL) + 2.66 (R2 = 0.9997). The calcu-
lated limit of detection and quantification from the relation-
tained from the deposition of a) one layer, d) two layers c) three

aOH solution at 100 mV/s containing 2 mg/mL of 3-MCPD. B)

C) Effect of the scan rate on the oxidation peak of 2 mg/mL of 3-

as a function of the square root of the scan rate.



Fig. 4 A) DPV for different concentrations of 3-MCPD in 4 M NaOH. B and C) Relationship between the peak intensity of the

oxidation current peak and the concentration of 3-MCPD. D) Selectivity diagram of (a) 0.01 mg/mL of 3-MCPD containing 0.1 mg/mL of

(b) propylene glycol, (c) ethylene glycol, (d) glycerol, (e) glycidol, (f) 2-MCPD, (g) 3-MBPD, (h) Cu2+, (i) Fe2+ and (j) Zn2+ and (k) Cl�.

Table 2 Recovery rate of 0.01 mg/mL 3-MCPD in the

presence of 0.1 mg/mL of interfering compounds.

Compounds C (lg/mL)a C (lg/mL)b Recoverey (%)
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ships 3a/S and 10a/S (where a is the standard deviation and S,

the slope of the calibration curve (n = 10) give 2.4 ng/mL and
8.2 ng/mL, respectively. This low concentration as a limit of
detection indicates the high sensitivity of the modified elec-

trode for the detection of 3-MCPD and suggests that this elec-
trode can be used where tracking of 3-MCPD is necessary as
these values are lower than the recommended limit in food-
stuffs (European Commission, 2010).

3.7. Average recovery using the fabricated electrochemical

sensor

The reliability of the proposed method has been assessed from
recovery studies using six different concentrations of 3-MCPD.
The recovery rate between 95% and 98% (Table 1) is obtained,

showing good accuracy of this technique.
Table 1 Recovery using the fabricated sensor (n = 3).

Added (lg/mL) Found (mg/mL)a Recoverey (%)

0.20 0.193 96.5 ± 1.4

0.10 0.096 96.0 ± 3.0

0.05 0.049 98.0 ± 1.3

0.04 0.039 97.5 ± 1.0

0.03 0.029 96.7 ± 1.0

0.02 0.019 95.0 ± 1.1

a Average value of recovered 3-MCPD concentration.
3.8. Selectivity of Cys-AgNPs/Au electrode

The selectivity of Cys-AgNPs/Au electrode towards 3-MCPD
detection was evaluated by determining the recovery rate in

the presence of its analogues which can coexist, in particular
2-MCPD, 3-bromo-1,2-propanediol (3-MBPD), glycidol, glyc-
erol, 1,2-propanediol and ethylene glycol with a concentration

which is 10 times higher than that of 3-MCPD (Fig. 4D). The
results from Fig. 4D reported in Table 2 show a recovery rate
varying between 98% and 105%. As reported, the compounds,
3-MCPD 0.01 0.010 100

Propanediol 0.01 0.098 98

Ethylène glycool 0.01 0.0101 101

Glycerol 0.01 0.0099 99

Glycidol 0.01 0.0105 105

2-MCPD 0.01 0.0101 101

3-MBPD 0.01 0.0104 104

CuSO4 0.01 0.0098 98

FeSO4 0.01 0.0098 98

Zn(NO3)2 0.01 0.0096 96

NaCl 0.01 0.0099 99

Ca: Concentration added. Cb: Concentration found.
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even with slight structure difference show no visible response
at all. Without the C-Cl bond on this structure (comparing
3-MCPD with propylene glycol), or even if the C-Cl bond is

substituted with C-OH bond (comparing 3-MCPD with glyc-
erol), carbon of C-Cl bond is removed (comparing 3-MCPD
with ethylene glycol), these compounds do not undergo an oxi-

dation reaction on the Cys-AgNPs/Au electrode. The same
trend is observed when the Cl is in position 2 (2-MCPD).
The above reactivity test strongly demonstrates the necessity

of the presence of C-Cl bond at the end of the propanediol
chain. Moreover, a slight interference (around 4–5%) is
observed in the presence of glycidol and 3-MBPD. In the case
of glycidol, the lower interference may be due to its stability in

a solution with pH > 7 or the possibility to be transformed to
glycerol or its oligomers in alkaline media (Hamlet et al.,
2002). These results indicate that the second pathway of

3-MCPD oxidation as shown in Scheme 1 which produces gly-
cidic acid or carbon dioxide via glycidol is less favorable. How-
ever, the weak interference of 3-MBPD does not seem to be

clearly understood as it is expected to undergo the same oxida-
tion process as that of 3-MCPD (Jones and Fakhouri, 1979).
This weak interference from 3-MBPD may be explained by

the type of heteroatoms in which the mobility of the molecule
with the bromine atom (heavier) may be less than that with
chlorine. It can be assumed that the Cys-AgNPs/Au electrode
has high selectivity to 3-MCPD compared with its structural

analogues and can be used for the detection of 3-MCPD in a
matrix containing these compounds without further separation
(Sun et al., 2014). This result therefore, confirms the oxidation

pathway in which the byproducts are b-chlorolatic acid and
oxalic acid as shown in Scheme 2.

Furthermore, it is also important to evaluate the effect of

inorganic compounds which are frequently met in food prod-
ucts as they may interfere on the Cys-AgNPs/Au electrode
while detecting 3-MCPD. Typically, the presence of certain

metals such as Fe, Cu and Zn, and ion (Cl�) are among the
main factors contributing to the appearance of free 3-MCPD
in foodstuffs (Sadowska-Rociek et al., 2018). Thus, the effect
of the inorganic compounds containing the ions of these met-

als and the Cl� ion in the presence of the contaminant at a con-
centration which is 10 times greater than that of the 3-MCPD
was studied (Fig. 4D). As shown in Table 2, a slight decrease in

the recovery rate of less than 4% is observed, suggesting that
their interference effect in the detection of 3-MCPD may be
negligible. These results indicate that the Cys-AgNPs/Au elec-

trode is selective towards 3-MCPD.

3.9. Precision

The precision of the method was studied as intra-day and

inter-day precision daily for three days by analyzing the same
concentration of solutions (Table 3). All found values of RSD
are less than 10%. This high precision suggests that this elec-

trochemical sensor can be used for the monitoring of 3-
MCPD.

3.10. Reusability and stability of the fabricated electrochemical
sensor

The reusability and stability of the electrode were tested daily

over 10 days and with 10 successive cycles, respectively. As
shown in Fig. 5A, except the reduction peak of the first cycle,
no obvious change in peak intensity nor change in the CV pro-
file is observed for the oxidation current peak of 3-MCPD on

the Cys-AgNPs/Au electrode, indicating that the Cys-AgNPs/
Au electrode is stable. Furthermore, for the reusability proce-
dure, the same Cys-AgNPs/Au electrode was used during ten

days in solutions prepared daily with the same concentration
of 3-MCPD (three parallel experiments were done). The elec-
trode was washed successively with water and ethanol after

its use and left to dry in ambient air. The results are reported
in Fig. 5B and Table 4. As displayed, no effective decrease in
the recovery is observed over the ten days for the same elec-
trode (4–10% of relative standard deviation is obtained).

These weak effects on the determination of 3-MCPD indicate
that the developed Cys-AgNPs/Au electrode can be reused sev-
eral times and days without drastic precautions.

3.11. Application of the fabricated electrochemical nanosensor in

real samples

The developed electrochemical sensor was evaluated in real
samples in which palm oil and smoked mackerel samples from
three local markets, namely Abobo (Grand marche, Siaka

Kone market and Abobote market), Adjame (Forum, Gouro
market and Roxy market), and Yopougon (Niangon market,
Gouro market and Abobodoume market) were used. Table 5
shows the levels of 3-MCPD in these food matrices. The

obtained 3-MCPD concentrations vary from 307 to 337
lg/kg for the smoked mackerel and 854 to –1089 lg/kg for
the palm oil. These values are well above the acceptable con-

centration in foodstuffs which is 50 mg_skg�1 for dry matter
and 20 mg_skg�1 for a liquid product containing 40% of dry
matter (European Commission, 2010; Ostermeyer et al.,

2021). As reported in the literature, vegetable oils are one type
of food products which contain a higher amount of 3-MCPD
due to its manufacturing procedure in which high temperature

is used (Becalski et al., 2015; MacMahon et al., 2013; Seefelder
et al., 2008; Zhou et al., 2014a). On the other hand, smoking
fish can generate a high level of 3-MCPD as the smoke is
another source of 3-MCPD contamination and this contami-

nation increases with the time of exposure (Chai et al., 2016;
Martin et al., 2021). These results are in good agreement with
those obtained in the literature (Karl et al., 2016). The use of

these products (palm oil and smoked products) in cereal-
based products, bread, refined oil, soups, and snacks, for
example, may be considered as a potential source of exposure

to free 3-MCPD. This work may therefore be important for
those countries where palm oil and smoked products are
mainly supplied in foodstuffs without any controls and where
there is a lack of traditional analytic tools to make adequate

monitoring to access secure foodstuffs.

3.12. Comparison with other used electrochemical methods for
the detection of 3-MCPD

A Comparison of the LOD of other electrochemical sensors
used for the detection of 3-MCPD with respect to the proposed

sensor is done (Table 6). The result shows relatively low LOD
in most cases except that proposed by Yama et al. (Yaman
et al., 2021) who had proposed an electrochemical sensor pro-

viding almost the same level of LOD comparing with ours.



Table 3 Intra-day and Inter-day studies.

Concentration added (lg/mL) Concentration found (lg/mL) RSD (%) (n = 3)

Intra-day Inter-day Intra-day Inter-day

0.20 0.199 0.190 7.050 4.521

0.10 0.098 0.102 0.900 9.904

0.05 0.050 0.048 3.958 3.958

0.04 0.038 0.039 3.368 4.111

0.03 0.028 0.029 2.105 7.358

0.02 0.021 0.020 6.763 7.843

RSD: Relative Standard Deviation.

Fig. 5 A) Stability studies of the Cys-AgNPs/Au electrode, and B) Reusability tests of Cys-AgNPs/Au electrode at different days: a)

first, b) 2nd, c) 3rd, d) 4th, e) 5th, f) 6th, g) 7th, h) 8th, i) 9th and j) 10th day.

Table 4 Stability of the Cys-AgNPs/Au electrode.

Day Added (lg/mL) Found (mg/mL) Recovery (%) RSD (%) (n = 3)

01 0.01 0.0099 99.0 ± 0.0 4

02 0.01 0.0095 95.0 ± 0.1 9

03 0.01 0.0099 99.0 ± 0,0 5

04 0.01 0.0098 98.0 ± 0.0 2

05 0.01 0.0095 95.0 ± 0.1 6

06 0.01 0.0098 98.0 ± 0.1 9

07 0.01 0.0098 98.0 ± 0.1 10

08 0.01 0.0099 99.0 ± 0.1 10

09 0.01 0.0097 97.0 ± 0.1 10

10 0.01 0.0095 95.0 ± 0.1 10

Table 5 Contents of free 3-MCPD in fishery products (Mackerel) and palm oil in three different zones.

Food Products Municipality

Abobo Adjame Yopougon

Average min–maxa Average min–maxa Average min–maxa

Smoked mackerel (mg/kg) 337 223–393 348 172–469 307 174–439

Palm oil (mg/kg) 854 329–1239 892 842–941 1089 895–1280

min–max: minimum–maximum.
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Table 6 Comparison with reported electrochemical sensors for the detection of 3-MCPD.

Type of electrochemical sensor LOD Linear range Reference

Capillary electrophoresis/electrochemical (copper-disk electrode) 1.3 � 10�7g/mL 2 � 10�4–6.6 � 10�4 g/mL (Xing and Cao, 2007)

Hemoglobin immobilized with magnetic molecularly imprinted

nanoparticles

and modified on a magnetic electrode (Hb/MMIPs NPs/GCE

Hb/MMIPs NPs/GCE)

0.25 mg/L 1–160 mg/L (Yuan et al., 2019)

Cyt c incorporated in Au@AgNSs/FeMOF nanocomposite

(Cyt-c/Au@AgNSs/FeMOF/AuE)

0.41 mg/L 2–100 mg/L (He et al., 2020)

Molecularly imprinted label-free sensor platform (MIP(oPPy)-

GO/PGE)

1.82 nM 2–500 nM (Yaman et al., 2021)

Cys-AgNPs/Au 2.4 ng/mL 2.5–200 ng/mL This work
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Regarding its simplicity, selectivity and low LOD far under the
recommended value of 3-MCPD in foodstuffs, the proposed
sensor from this work may be one of the best sensors for the

monitoring and quantification of 3-MCPD. In addition, our
electrochemical system is an on-site measurement system, mak-
ing it the best among those proposed analytical tool for better

control of food safety and quality.

4. Conclusion

The Cys-AgNPs/Au electrode is used for the first time for the
detection of free 3-MCPD. The results show that the Cys-
AgNPs/Au electrode possesses a good activity for 3-MCPD
oxidation in alkaline media in which b-chlorolactic acid (in-

volved in the inhibition of the glycolysis) and oxalic acid are
produced. This electrocatalytic activity suggests a synergistic
effect of cysteine, AgNPs and Au for the oxidation of 3-

MCPD on the Cys-AgNPs/Au electrode. Moreover, this
Cys-AgNPs/Au electrode is found to be stable and can be
reused several times with satisfactory results, suggesting the

limited use of a large number of electrodes. The limit of detec-
tion can be as low as 2.4 ng/mL, which is comparable with the
LOD of traditional techniques. This LOD is lower than the

recommended limit values in foodstuffs, indicating that this
technique can be used for the monitoring of 3-MCPD. In addi-
tion, the method has been proved to be reliable with good
recoveries and accuracy. All these results indicate that the

Cys-AgNPs/Au electrode is ideal for the electrochemical detec-
tion of 3-MCPD with several advantages: low-cost, on-site
measurement, simple procedures and facilities, etc. Impor-

tantly, this Cys-AgNPs/Au electrode with strong conductivity,
high sensitivity, excellent reproducibility, and stability can be a
good alternative and economical tool in 3-MPCD monitoring

or quantification.
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