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ABSTRACT

A direct competitive immunosensor for the electeuical determination of
Imidacloprid (IMD) pesticide on gold nanoparticledified screen-printed carbon
electrodes (AuNP-SPCE) is here reported for thst firme. Self-obtained specific
monoclonal antibodies are immobilized on the AUNFCE& taking advantage of the
AuNPs biofunctionalization abilities. In our biosen design, free IMD in the sample
competes with IMD conjugated with horseradish pefase (IMD-HRP) for the
recognition by the antibodies. After that, 'HFI-Tetramethylbenzidine (TMB) is
enzymatically oxidized by HRP, followed by the axed TMB reduction back at the
surface of the SPCE. This process gives an asedcitalytic current (analytical
signal) that is inversely proportional to the IMBhvaunt. The main parameters affecting
the analytical signal have been optimized, reachimgod precision (repeatability with
a RSD of 6%), accuracy (relative error of 6%), sigb(up to one month), selectivity
and an excellent limit of detection (LOD of 22 pmot), below the maximum levels
allowed by the legislation, with a wide responsege (50 — 10000 pmol 1. The
detection through antibodies also allows to haveexarellent selectivity against other
pesticides potentially present in real samples. Lmatrix effects were found when
analysisng IMD in tap water and watermelon samplébe electrochemical
immunosensor was also validated with HPLC-MS/M&, tbference method used in
official laboratories for IMD analysis, through sstical tests. Our findings make the
electrochemical immunosensor as an outstanding adefibr the rapid and sensitive

determination of IMD at the point-of-use.
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1. INTRODUCTION

According to the World Health Organization (WHO),oma than 200 diseases are
produced by the contamination of food, either bynohiological or chemical agents
[1]. Therefore, it is necessary to keep a stricddfacontrol to ensure food safety.
Pesticides are among the most toxic chemical agentmny living being that can cause
cancer, problems in the reproductive and centralaus systems and finally death due
to the continuous exposure. Most exposed peoplé¢haragricultural workers and also
the consumers of fruits and vegetables, so exhaustintrols of pesticides must be

carried in such samples, as well as in wastewater.

The official methods for the determination of pesies are usually based on
chromatographic techniques such as high-performdigced chromatography-mass
spectrometry-mass spectrometry (HPLC-MS/MS) and gasomatography—mass
spectrometry-mass spectrometry (CG-MS/MS) [2-5]. ferform these analyses,
specialized personnel is needed, requiring longguores, as well as a large volume of
reagents with a high cost. In this context, poitare (POC) biosensors have emerged
to overcome such limitations. In particular, electremistry is being increasingly used
to determine pesticides (imidacloprid, acetamipttiamethoxan, parathion, etc.) [6-9]
and heavy metals (mercury, lead, cadmium, chromeaim) [10-15]. These compounds
can be directly measured through red-ox proces8d$418] but biosensors using
enzymes or monoclonal antibodies have emerged e@ntdjeous alternatives with
improved sensitivity and selectivity [19-21]. Cortipee biosensors [22] are of special
relevance here, since the small size of the pdstitiolecules usually makes difficult to

perform typical sandwich assays.



The main advantages of such electrochemical bsaserare related to the low cost of
instruments and analysis, low volume of reagents samples, portability, simplicity

and high sensitivity [23,24].

Currently, the most used electrochemical platfoamesscreen-printed carbon electrodes
(SPCE) [25]. These are small devices that contairlactrochemical cell made by a
reference electrode, a working electrode and ateowlectrode. The SPCEs have an
easily modifiable carbon working electrode in whioletallic nanoparticles such as Ni
[7,26], Cu [27-29], Pt [30,31], Au [32-34], bi-m#ima nanoparticles [35-38],
nanowires [39], nanotubes [40] or graphene oxide4l] can be deposited, increasing
the electroactive surface and catalysing redoxticaas: In particular, gold nanoparticles
(AuNP) are the most widely used ones, since theyease the effectiveness of the
immobilization of recognition elements such as lazdies and enzymes, as well as

facilitate the electronic transfer between the kterial and the electrode.

In this scenario, we have developed a direct comyeetmmunosensor for Imidacloprid
(IMD) pesticide on AuNP-modified SPCEs. IMD is aspeide belonging the
neonicotinoid family widely used as a neuroactingecticide for the control of pests,
seed treatment and as a systemic insecticide, dnaviong residual effect on the soaill
[42]. Such pesticide is a relevant target, sin@ait cause the syndrome called Colonial
Collapse Disorder (CCD) [43,44] in colonies of heElse disappearance of bees leads
to an important environmental problem reducingipation and thereby decreasing the
diversity of flora and plant species. Moreover,istalso classified as a probable
carcinogen by the Environmental Protection AgerieyA) [45,46]. Maximum Residue
Limits (MRLS) are established for food, for humamdaanimal consumption, that are
exposed to pesticides, which in the European Unien0.5ug L™ for total pesticides

and 0.1ug L™ for each individual pesticide [47,48]. This legison is a requirement for



the commercialization of the raw material and itedoicts. Therefore, very sensitive

methods for IMD detection are strongly required.

In our particular approach, a competitive directagsbetween free IMD and IMD
labelled with horseradish peroxidase (HRP) enzysnpeirformed. Such direct format
presents clear advantages compared with indiresdyas[49], avoiding the use of
secondary antibodies and leading to a faster aedpeEr methodology suitable for

field analysis.

2. EXPERIMENTAL SECTION

2.1. Materials

Imidacloprid PESTANAL (IMD), Glyphosate PESTANAL® (GLY), Parathion
PESTANAL® (PAR), Thiamethoxam PESTANAL® (THIA), daendazim
PESTANAL® (CARB), Phosphate buffered saline (PB8)mmol L pH 7.4, Bovine
Serum Albumin fraction V (BSA), anti-mouse IgG (duxed in goat), 3,3,5,5
tetramethylbenzidine (TMB) and potassium hexacyamafe (111) were purchased from
Sigma-Aldrich (Spain). Permethrin (PERM) was preddby LGC Standars (Spain).
Monoclonal antibody to IMD (mAb-IMD) and horseraliperoxidase conjugated to
IMD (IMD-HRP) were kindly provided by the Univergiof Valencia and IATA-CSIC
(Valencia, Spain). Gold-standard solution (HAMCBH,O in 12.7 % HCI) and
Hydrochloric Acid 25 % (HCI) were obtained from M&r(Spain). WAT020515 - Sep-
Pak C18 Plus Short Cartridge was provided by Wat®pain).Imidacloprid ELISA
detection kit was purchased from Abraxis (USA).réjjure water obtained with a EMD
Millipore™ Direct-Q5™ purification system from Miflore Ibérica SA. (Madrid,

Spain) was used throughout this work. All chemieatgloyed are of analytical reagent



grade. Working solutions of mAb-IMD and IMD-HRP wedaily prepared in 10 mmol

L™ pH 7.4 PBS buffer.

HPLC-MS/MS experiments for the determination of IMire carried out using a
liquid chromatograph model 1260 Infinity from Agile(Germany) coupled to a triple
quadrupole mass spectrometer model 6460 also frgite® (Germany). The mobile
phases were (A) water/methanol (80 : 20) with 5 inbibammonium acetate and (B)

acetonitrile with 5 mmol ! ammonium acetate.

Screen-printed carbon electrodes (SPCESs) (carbokingoand counter electrodes and a
silver/silver chloride quasi-reference electrodesf.(DRP-110) were purchased from
Dropsens (Spain). Electrochemical measurements pexfermed at room temperature

using a potentiostat/galvanosgatutolab Type Il from Ecochemie (The Netherlands).

A JEOL 6610LV scanning electron microscope was usedharacterize the sensor

surface.

2.2. Methods

2.2.1. Direct competitive immunoassay

AuNPs were generated following a previously repbeotocol [11][32], consisting in
applying a constant current (-100A) for 180 s in a solution of 1 mmol L
HAUCI,-3H:,0 in HCI 0.1 mol L% In this way, a homogeneous distribution of AuNPs
16 + 3 nm electrodeposited on the working areehef$PCE electrode is obtained, as
expected Figure 1). Then, the electrodes were washed with ultrapwater and stored

at 4°C before further use.
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Figure 1. SEM images and histogram plot of the size distiidou of AuNPs
electrodeposited on the working area of the SPE€&irelde.

The effect of the AUNPs on the electroactive arfeth® electrode was also studied (see
S1 at the supporting information). As expected, fsand an increase in the
electroactive area from 6.63 £ 0.36 mm2 (unmodiéettrodes) to 7.70 £ 0.22 mm2

(AuNP-modified electrodes) that may lead to a sligiprove in the sensor response

The scheme of the direct competitive immunoassaydasented ifrigure 2. 10 uL of 6

g mL* mAb-IMD solution in 10 mmol ! PBS (pH 7.4) were dropped on the surface
of the AuNP-modified working electrode and inculotat 4 °C overnight. After
washing with water, 40 pL of 1% BSA were droppedtunelectrode and incubated for
40 min to block the surface and avoid unspecifisoaptions. 10 pL of sample or free
IMD at different concentrations in 10 mmol*LPBS (pH 7.4) were dropped and left
there for 1 h, before washing. Then, 10 pL of 3ig" IMD-HRP solution were added

and incubated for 1 h.
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Figure 2. Scheme of the direct competitive immunosensotHerdetection of IMD on

AuNP-SPCE using monoclonal antibodies.

2.2.2. Electrochemical detection

The enzymatic reaction was carried out by placifig 4. of TMB solution and
incubating for 1 min. Chronoamperometric detect@s performed applying a constant
potential of -0.2 V during 60 s, recording the emtrassociated to the oxidized TMB
reduction process [50,51]. The analytical signat ilze absolute value of the current
recorded at 60 s. All measurements were done iplicate. For the optimization
studies shown asection 3.1 the variation of the signal to noise ratio (SAN)der
different conditions was evaluated. A new electfmleunosensor was used for each

measurement, which avoids fouling, unspecific goisans and leaching of reagents.



2.2.3. Real samples preparation

Watermelons and tomatoes were bought from a lagadrsnarket. Samples from such
vegetables were ground and spiked with IMD starslafditer that, the samples were
filtered with a HyperSep C18 cartridge (Thermo 8tifee, Spain) before the

immunoassay. The water sample was obtained fromatheratory tap and directly

spiked with IMD.

3. RESULTS AND DISCUSSION

3.1. Optimization of the main parameters affecting the aalytical signal

The main paramaters affecting the analytical sigeath as the enzymatic reaction
time, the monoclonal antibody (mAb-IMD) concentoati the IMD-HRP conjugate
concentration and the blocking of the electrodeafmiding unspecific adsoprtions were

optimized.

The effect of the enzymatic reaction time (in taage 0-15 min) on the signal/noise
ratio (S/N) was evaluated fixing 10 pg thlof mAb-IMD (immobilized on the
electrode overnight at 4 °C) and 1 ug naf IMD-HRP (1 h of reaction). The results
shown inFigure 3A suggest that the highest S/N ratio is obtained forin of reaction,
with an acceptable standard deviation. Thus, ihe tvas selected as optimum for the

sensor development.

Regarding the monoclonal antibody (mAb-IMD) concatibn, antibody from different
solutions (from 0 to 9 pg mb) was immobilized on the electrode (overnight 4€3 so
as to evaluate the optimum mAb-IMD concentratiodDIHRP concentration was

fixed at 1 pg mr* (1 h of reaction). AFigure 3B, it can be observed that S/N ratio

10



increases with the mAb-IMD concentration, reachsaduration of the electrode for 6

g mL?, which is selected as the optimum for the immunssedevelopment.

The concentration of the enzyme-conjugated ana(Ji##D-HRP) is also a key
parameter in the development of a competitive impagsay. Different concentrations
of IMD-HRP in the range 0 to 15g mL* were evaluated, fixing the rest of parameters
at the optimized levels. As shown iRigure 3C the minimum concentration of
conjugate giving the maximum S/N ratio correspoindd pg mL, so it was chosen as

optimum for the competitive assay.

Finally, the need and conditions of the blockinglwé electrode surface with BSA for
avoiding unspecific absorptions was also evaluafBde responses of electrodes
modified with the specific antibody to IMD (mAb-IMDwvere compared with those of
electrodes modified with an unspecific antibodytilamuse 1gG) for different amounts
of BSA under the optimized IMD biosensing condigsomn Figure 3D, it is observed
that significant unspecific absorptions are obtdimethe absence of BSA while 1% of
BSA is enough for reducing those negative effedtbomt affecting the specific signal.

In view of these results, 1% BSA was selected &snojn for the sensor development.

11
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Figure 3. Results of the optimization of the main paraneetsfecting the analytical
signal: (A) enzymatic reaction time, (B) mAb-IMD rmentration, (C) IMD-HRP

concentration and (D) BSA concentration.

3.2. Imidacloprid detection in standard solutions: compaison with standard

methods

The optimized competitive immunoassay was appladttie detection of IMD from

standard solutions in the range 50-20000 pnitl Increasing concentrations of IMD
lead to a decrease in the absolute value of theodet current corresponding to the
TMB reduction process, as displayed kigure 4A. Plotting the analytical signal
(absolute value of the current generated at 6@ e/ IMD concentration, a logarithmic
relationship in the range 50-10000 pmdlis found Figure 4B), and it can be adjusted

to the following equation:

I(uA) = —0.822 Ln [IMD](pmol L™1) + 8.673 r =0.997

12



The limit of detection, calculated as three tintfesdeviation of the blank divided by the
slope of the calibration plot, was 22 pmot bf IMD, which is below the maximum
levels allowed by the legislation (391 pmét for the individual pesticides). The good
precision of the method was demonstrated compahegcalibration plots of three
assays performed in different days (repeatabilityfich gives a relative standard

deviation (RSD) of 6%.
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Figure 4. A) Chronoamperograms recorded by applying a piateof -0.2 V for 60 s,
after the direct competitive assay performed fareasing concentrations of IMD (a) 50
pmol L%, b) 100 pmol [}, ¢) 250 pmol L[}, d) 500 pmol %, e) 750 pmol L}, f) 1000
pmol L, g) 5000 pmol [, h) 10000 pmol L). (B) Relationship between the analytical

signal (current recorded at 60 s) and the logariithe IMD concentration.

The accuracy of the method was estimated in tefs of relative error for 750 pmol

L, considering that:

] real value — experimental value
% Relative error = T val x 100
real value

According to the equation of the calibration plmt, experimental IMD concentration of
795 pmol L is estimated when a concentration of 750 pmdl id analysed. From
these data, a 6 % of relative error is calculargdadch evidences the good accuracy of

our method.
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The performance of the biosensor was also compaitidthat of HPLC-MS/MS and
ELISA analysis. As summarized irable 1, our system shows a lower detection limit
and a wider linear range compared with such walbisthed methods, being our
methodology faster, simpler and cheaper.

Table 1. Comparative summary of the analytical performanicetandard methods for
IMD detection and the electrochemical immunosedseeloped in this work.

Technique Linear Range (pmol ')  LOD (pmol L™)
HPLC-MS/MS 391-15646 117
ELISA kit 293-4694 235
AuUNP-SPCE immunosensor
_ 50-10000 22
(this work)

Moreover, such performance is better than thatrteddor alternative electrochemical
methods for pesticide analysis based on directctiete and enzymatic inhibition
(Table 2), having our approach also clear advantages imsteof selectivity and
time/cost of analysis respectively. Comparing watlr previous work based on an
indirect immunosensor [49], the direct format pras clear advantages in terms of
time and cost of analysis, since we avoid the isecondary antibodies. Moreover, the
increase in the electroactive area of the workilegteode by the AuNPs modification
may also contribute to the improvement in the ligfiletection calculated. The similar
dynamic range of response obtained is probablytdiube use of the same enzymatic

system and the same electrode in both approaches.

14



Table 2 Analytical characteristics of different electrechical methods for pesticide

detection.

Pesticide Approach Linear Range LOD Ref.
Imidacloprid Direct Immunosensor ~ 50-10000 pmdl L 22 pmol *  This work
Imidacloprid Indirect immunosensor ~ 50-10000 pmdl L 24 pmol L* [49]

Parathion Immunosensor 0.1-1000igL  52pg Lt [52]

Chlorpyrifos-methyl Immunosensor 0.4-20ng™mL  22.6ng[* [53]

Paraoxon Enzimatic sensor 0.1-1pmol L* 0.1umol L* [54]

Malaoxon Enzimatic sensor 2-50pug mL? 2 ug mL? [55]

Parathion Enzimatic sensor  Up to 36.4umol L* 10 nmol L* [56]
Chlortoluron Inhibition sensor 0.001-0.1ymol L'*  0.47 nmol [* [57]
Chlorpyrifos Inhibition sensor 1-50000 umol L™ 5 umol L™ [58]

Paraoxon Inhibition sensor Up to 40 pg mL™ 2 ug mL? [59]
Imidacloprid Direct detection 30-200pmol L 440 nmol [16]
Imidacloprid Direct detection 0.5-15pmol L*  0.10pmol L™ [17]
Imidacloprid Direct detection 1-5umol L* 0.93umol L™ [18]

Hydrazine Direct detection ~ Up to 936umol L*  0.57 nmol [* [60]
Carbofuran Direct detection 1-250pumol L 0.22 umol L* [61]

3.3. Sensor selectivity and stability

Permethrin (PERM), glyphosate (GLY) and parathiBAR) were selected as control

pesticides potentially present in real samplesti¢tédss with chemical structure similar

to that of IMD, such as thiamethoxam (THIA) and bmardazim (CAR) were also

evaluated. 10000 pmol“Lsolutions of IMD were mixed with the same amouinéach

of the control pesticides, finding no significarariations in the analytical signal of the

pure IMD (Figure 5A) which demonstrates the selectivity of our immuersor.

15



Different electrodes were prepared with immobilizadb-IMD and stored at 4 °C to
study the stability of the immunosensor. A concatitn of 1000 pmol L of IMD was
assayed in different days. As showrFigure 5B, the devices are stable at least for one

month. Longer-term stability study was out of thepse of this work.
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Figure 5. A) Analytical signals obtained for direct compe® immunoassays carried
out for mixtures of 10000 pmolLof IMD and 10000 pmol Tt of different potential
interfering pesticides. B) Long-term stability éfetimmunosensor. IMD concentration:
1000 pmol L.

3.4. IMD analysis in real samples: study of matrieffects

Spiking of IMD concentrations in the range 50-10@®ol L' was done in tap water,
watermelon and tomato samples to determine wheisricide detection is affected by
such real sample matrixes. As showrrigure 6, the calibration plots obtained in tap
water and watermelon were similar to the standaw& io buffer medium, suggesting
low matrix effects. However, tomato matrix seemssert an important negative effect
in the immunosensor performance, as reflected eyhitgh decrease in the slope of the

curve.

16



(a) 1(pA) =-0.823 Ln [IMD] (pmol L) + 8.664

7 1 r=0.996
(b) 1 (pA) =-0.809 Ln [IMD] (pmol L) +9.048
6 - r=0.993

(c) 1 (uA) =-0.825 Ln [IMD] (pmol L 1) +8.923

r=0.995
(d) I (pA) =-0.442 Ln [IMD] (pmol L) +5.777
r=0.992

I (UA)

e Watermelon
e Tap water
e Tomato

o 0 T o

35 45 55 6.5 75 8.5 9.5
Ln [IMD] (pmol L %)

Figure 6. Evaluation of matrix effects. Relationship betwettie analytical signal
(current recorded at 60 s) and the logarithm oflliB concentration spiked in buffer
(10mM PBS pH 7.4), watermelon, tap water and tomato

These findings demonstrate the potential of ounrtetogy for the IMD detection in tap
water and watermelon samples. Analysis of more ¢exnmatrixes such as tomato

would require standard additions experiments fang§j the matrix effect.

3.5. Immunosensor validation: comparison with HPLCMS/MS

Our immunosensor was validated by comparison wiBCHMS/MS, the reference
method used in official laboratories for IMD anasysThe study consisted in the
analysis with both methods of a tap water sampfgdaowith an unknown amount of

IMD, and the further comparison of the methodsheydtudent’s t test, according to the

S, N, + Np

following equation:

17



where X, and Xg are the average of the IMD concentration estimabgdthe
electrochemical immunosensor (675 pméf) land the HPLC-MS/MS method (701
pmol L), Na and N; are the number of replicates (10 for both methaals) $ is the

joint standard deviation, calculated as follows:

. _ (Ny—1) X §2 + (Ng — 1) x S2
¢ Ny + Ng—2

where & (35) and § (30) are the individual standard deviation offeaethod.

In this way, a experimentalof 1.750 is obtained. Since the tabulated valueaf®5
confidence interval and 18 degrees of freedom+(W¥-2) is 2.101, we assume the
absence of systematic errors in our immunosensbaaood agreement/validation with

the reference method.

4. CONCLUSION

A direct competitive immunosensor on AuNPs-modifsedeen-printed electrodes using
specific monoclonal antibodies has been succegsfuleveloped for IMD
electrochemical detection. The system exhibits >areleent analytical performance in
terms of range of response, limit of detection, eadbility, precision, accuracy,
selectivity and long-term stability. Low matrix efits are found in samples such as tap
water and watermelon. Such performance is bettn that reported for alternative
biosensing methods for IMD pesticide analysis, watlso advantages in terms of

selectivity and time/cost of analysis.

Our device has also been validated with HPLC-MS/mh8, reference method used in
official laboratories. Moreover, our findings repeat a methodological improvement

compared with indirect competitive immunoassaysviptesly reported by our group

18



[49] in terms of simplicity, time and cost of ansily. All this makes our immunosensor

a reliable and advantageous alternative foiritfeeld determination of IMD pesticide.

ACKNOWLEDGMENTS

This work has been supported by the C-GRUPIN-ID&000166 project from the
Asturias Regional Government and the CTQ2017-8@%9#0ject from the Spanish
Ministry Economy and Competitiveness (MINECOA. de la Escosura-Muiiiz
acknowledges the Spanish Ministry of Science, lation and Universities (MICINN)
for the “Ramon y Cajal” Research Fellow (RyC-201829). Authors would like to
acknowledge the technical support provided by Sifiermnd Technical Services of the

University of Oviedo for the SEM analysis.

REFERENCES

[1] WHO | World Health Organization, (n.d.). httpaww.who.int/ (accessed June

18, 2019).

[2] C. Anagnostopoulos, G.E. Miliadis, Developmant validation of an easy
multiresidue method for the determination of migtss pesticide residues using
GC-MS/MS and LC-MS/MS in olive oil and olives, Tata. 112 (2013) 1-10.

doi:10.1016/j.talanta.2013.03.051.

[3] Z. Xiao, Y. Yang, Y. Li, X. Fan, S. Ding, Detaination of neonicotinoid
insecticides residues in eels using subcriticabwextraction and ultra-
performance liquid chromatography-tandem mass speetry, Anal. Chim.

Acta. 777 (2013) 32-40. doi:10.1016/j.aca.201323.0

[4] J.L.Vilchez, R. EIKhattabi, J. Fernandez, Aor@alezCasado, A. Navalon,

19



[5]

[6]

[7]

[8]

[9]

[10]

Determination of imidacloprid in water and soil gdes by gas chromatography
mass spectrometry, J. Chromatogr. A. 746 (1996)-289. doi:10.1016/0021-

9673(96)00402-5.

Q. Fang, L. Wang, Q. Cheng, J. Cai, Y. Wang,Y4ng, X. Hua, F. Liu, A bare-
eye based one-step signal amplified semiquantgatnmunochromatographic
assay for the detection of imidacloprid in Chineabbage samples, Anal. Chim.

Acta. 881 (2015) 82-89. doi:10.1016/j.aca.201544.0

A. Kumaravel, M. Chandrasekaran, Sensors artdators B Chemical
Nanosilver / surfactant modified glassy carbontetete for the sensing of
thiamethoxam, Sensors Actuators B. Chem. 174 (2883@)-388.

doi:10.1016/j.snb.2012.08.054.

M. Khairy, H.A. Ayoub, C.E. Banks, Non-enzymaglectrochemical platform
for parathion pesticide sensing based on nanorseted- nickel oxide modified
screen-printed electrodes, Food Chem. 255 (20148}111.

doi:10.1016/j.foodchem.2018.02.004.

A. Rhouati, M. Majdinasab, A. Hayat, A persgeeton non-enzymatic
electrochemical nanosensors for direct detectiguesticides, Curr. Opin.

Electrochem. 11 (2018) 12-18. do0i:10.1016/j.co@l@t8.06.013.

W. Huixiang, H. Danqun, Z. Yanan, M. Na, H. damou, L. Miao, S. Caihong,
H. Changjun, A non-enzymatic electro-chemical sefmoorganophosphorus
nerve agents mimics and pesticides detection, $&Asduators, B Chem. 252

(2017) 1118-1124. doi:10.1016/j.snb.2017.07.004.

X. Liu, Y. Yao, Y. Ying, J. Ping, Recent adwa#s in nanomaterial-enabled

screen-printed electrochemical sensors for heawglrdetection, TrAC Trends

20



Anal. Chem. 115 (2019) 187-202. doi:10.1016/}.26£9.03.021.

[11] D. Martin-Yerga, M.B. Gonzalez-Garcia, A. Go$arcia, Use of nanohybrid
materials as electrochemical transducers for mgeemsors, Sensors Actuators,

B Chem. 165 (2012) 143-150. doi:10.1016/j.snb.20AP31.

[12] D. Martin-Yerga, M.B. Gonzélez-Garcia, A. Go§arcia, Electrochemical
determination of mercury: A review, Talanta. 116X3) 1091-1104.

doi:10.1016/j.talanta.2013.07.056.

[13] Y. Liu, T. Li, C. Ling, Z. Chen, Y. Deng, N.é&{ Electrochemical sensor for
Cd2+ and Pb2+ detection based on nano-porous psawlon paste electrode,

Chinese Chem. Lett. (2019) 2—7. do0i:10.1016/j.c2(9.05.020.

[14] Z. Guo, M.L. Seol, C. Gao, M.S. Kim, J.H. Abr K. Choi, X.J. Huang,
Functionalized porous Si nanowires for selective simultaneous
electrochemical detection of Cd(ll) and Pb(ll) ipR$ectrochim. Acta. 211

(2016) 998-1005. doi:10.1016/j.electacta.2016.06.14

[15] R. Ouyang, W. Zhang, S. Zhou, Z.L. Xue, L. Xu,Gu, Y. Miao, Improved Bi
film wrapped single walled carbon nanotubes foragknsitive electrochemical
detection of trace Cr(VI), Electrochim. Acta. 12913) 686—693.

doi:10.1016/j.electacta.2013.09.110.

[16] W. Lei, Q. Wu, W. Si, Z. Gu, Y. Zhang, J. Derigg Hao, Electrochemical
determination of imidacloprid using poly(carbazo6)emically reduced
graphene oxide modified glassy carbon electrodes@s Actuators, B Chem.

183 (2013) 102-109. doi:10.1016/j.snb.2013.03.118.

[17] M. Zhang, H.T. Zhao, T.J. Xie, X. Yang, A.Joy, H. Zhang, J. Wang, Z.Y.

21



[18]

[19]

[20]

[21]

[22]

Wang, Molecularly imprinted polymer on graphendace for selective and
sensitive electrochemical sensing imidacloprid,sees Actuators, B Chem. 252

(2017) 991-1002. doi:10.1016/}.snb.2017.04.159.

A. Kumaravel, M. Chandrasekaran, Electrochetnitetermination of
imidacloprid using nanosilver Nafion®/nanoTiO2Nat#® composite modified
glassy carbon electrode, Sensors Actuators, B Che&(2011) 319-326.

doi:10.1016/j.snb.2011.06.028.

M.K.L. da Silva, H.C. Vanzela, L.M. Defavati,Cesarino, Determination of
carbamate pesticide in food using a biosensor baisedduced graphene oxide
and acetylcholinesterase enzyme, Sensors Actu8d@iem. 277 (2018) 555—

561. doi:10.1016/}.snb.2018.09.051.

F.A. Esteve-Turrillas, A. Abad-Somovilla, Gu@ones-Reyes, C. Agullo, J. V.
Mercader, A. Abad-Fuentes, Monoclonal antibody-dasenunoassays for
cyprodinil residue analysis in QUEChERS-based &xitacts, Food Chem. 187

(2015) 530-536. d0i:10.1016/j.foodchem.2015.04.119.

Z. Bin, C. Yanhong, X. Jiaojiao, Y. Jing, Agktholinesterase biosensor based
on functionalized surfae of carbon nanotubes fonmeootophos detection, Anal.

Biochem. 560 (2018) 12-18. d0i:10.1016/j.ab.201828.

M. Zouari, S. Campuzano, J.M. Pingarrén, No&ati, Competitive RNA-RNA
hybridization-based integrated nanostructured-a$iaple electrode for highly
sensitive determination of miRNAs in cancer celisdgnsors and Bioelectronics
Competitive RNA-RNA hybridization-based integrateahostructured-
disposable electrode for highly sensitive detertimmeof miRNAS in cancer

cells, Biosens. Bioelectron. 91 (2016) 40-45. dbit016/j.bios.2016.12.033.

22



[23]

[24]

[25]

[26]

[27]

[28]

[29]

H. Lebik-elhadi, Z. Frontistis, H. Ait-amar, 8mrani, Electrochemical oxidation
of pesticide thiamethoxam on boron doped diamomdi@enRole of operating
parameters and matrix effect, Process Saf. Envitont. 116 (2018) 535-541.

doi:10.1016/j.psep.2018.03.021.

P. Chorti, J. Fischer, V. Vyskocil, A. Economa. Barek, Electrochimica Acta
Voltammetric Determination of Insecticide Thiametam on Silver Solid
Amalgam Electrode, Electrochim. Acta. 140 (2014)&—

doi:10.1016/j.electacta.2014.01.081.

Z. Chu, J. Peng, W. Jin, Advanced nanomatarks for screen-printed chemical
sensors, Sensors Actuators, B Chem. 243 (2017)9289—

doi:10.1016/j.snb.2016.12.022.

B. Pérez-Fernandez, D. Martin-Yerga, A. Cdstacia, Electrodeposition of
nickel nanoflowers on screen-printed electrodesi@napplication to non-
enzymatic determination of sugars, RSC Adv. 6 (2@B748-83757.

doi:10.1039/C6RA15578B.

B. Pérez-Fernandez, D. Martin-Yerga, A. CdStacia, Galvanostatic
electrodeposition of copper nanoparticles on sepggried carbon electrodes and
their application for reducing sugars determingtibaanta. 175 (2017) 108-113.

doi:10.1016/j.talanta.2017.07.026.

F. Karda, M. Beytur, O. Akyildirim, H. Yuksek, M.L. Yola, Ntar,
Electrochemical detection of atrazine in wastewséenples by copper oxide
(CuO) nanoparticles ionic liquid modified electrodeMol. Liq. 248 (2017)

360-363. doi:10.1016/j.molliq.2017.10.085.

F. Pino, C.C. Mayorga-Martinez, A. Merkoci,ghi-performance sensor based on

23



[30]

[31]

[32]

[33]

[34]

[35]

copper oxide nanopatrticles for dual detection adratic compounds and a
pesticide, Electrochem. Commun. 71 (2016) 33-37.

doi:10.1016/j.elecom.2016.08.001.

H. Zhao, C. Zhou, Y. Teng, C. Chen, M. Lan,piipd Surface Science Novel Pt
nanowires modified screen-printed gold electrodelegtrodeposited method,

Appl. Surf. Sci. 257 (2011) 3793-3797. doi:10.1Q&fkusCc.2010.11.151.

A. Youse, A. Babaei, M. Delavar, Applicatiohraodified screen-printed carbon
electrode with MWCNTs-Pt- doped CdS nanocomposta sensitive sensor for
determination of natamycin in yoghurt drink andete 822 (2018) 1-9.

doi:10.1016/j.jelechem.2018.05.008.

G. Martinez-Paredes, M.B. Gonzéalez-GarciaC#sta-Garcia, In situ
electrochemical generation of gold nanostructuceden-printed carbon
electrodes. Application to the detection of leadenpotential deposition,

Electrochim. Acta. 54 (2009) 4801-4808. doi:10.1pékctacta.2009.03.085.

Y. Song, J. Chen, M. Sun, C. Gong, Y. ShenS¥ng, L. Wang, A simple
electrochemical biosensor based on AuNPs / MPSdléctrode sensing layer

for monitoring carbamate pesticides in real sam @64 (2016) 103—-109.

C. Malarkodi, S. Rajeshkumar, G. Annaduraitd@&on of environmentally
hazardous pesticide in fruit and vegetable samyga®g) gold nanopatrticles, Food

Control. 80 (2017) 11-18. doi:10.1016/j.foodconl.2®4.023.

X. Tian, L. Liu, Y. Li, C. Yang, Z. Zhou, Y. i, Y. Wang, Nonenzymatic
electrochemical sensor based on CuO-TiO2 for seesinhd selective detection
of methyl parathion pesticide in ground water, $esn#\ctuators, B Chem. 256

(2018) 135-142. doi:10.1016/j.snb.2017.10.066.

24



[36]

[37]

[38]

[39]

[40]

[41]

[42]

X. Lu, L. Tao, Y. Li, H. Huang, F. Gao, A hibyhsensitive electrochemical
platform based on the bimetallic Pd@Au nanowirdsvak for
organophosphorus pesticides detection, Sensoraies) B Chem. 284 (2019)

103-109. doi:10.1016/j.snb.2018.12.125.

M. Chen, B. Lou, Z. Ni, B. Xu, PtCo nanopaltie supported on expanded
graphite as electrocatalyst for direct methanadl ¢ed, Electrochim. Acta. 165

(2015) 105-109. doi:10.1016/j.electacta.2015.03.007

X. Quan, Y. Mei, H. Xu, B. Sun, X. Zhang, Opization of Pt-Pd alloy catalyst
and supporting materials for oxygen reduction rcathode microbial fuel cells,

Electrochim. Acta. 165 (2015) 72—-77. doi:10.10B6ctacta.2015.02.235.

D. Huo, Q. Li, Y. Zhang, C. Hou, Y. Lei, A hiy efficient organophosphorus
pesticides sensor based on CuO nanowires—SWCNT&lmdnocomposite,

Sensors Actuators B Chem. 199 (2014) 410-417.@di016/j.snb.2014.04.016.

Y. Zeng, D. Yu, Y. Yu, T. Zhou, G. Shi, Diffential pulse voltammetric
determination of methyl parathion based on multiechtarbon nanotubes-
poly(acrylamide) nanocomposite film modified elecke, J. Hazard. Mater. 217—

218 (2012) 315-322. doi:10.1016/j.jhazmat.2012.83.0

A.S. Calvo, C. Botas, D. Martin-Yerga, P. Alea, R. Menéndez, A. Costa-
Garcia, Comparative Study of Screen-Printed EldesdModified with
Graphene Oxides Reduced by a Constant Currengcréchem. Soc. 162

(2015) B282—-B290. doi:10.1149/2.1021510jes.

E. Taillebois, A. Cartereau, A.K. Jones, STHany, Neonicotinoid insecticides
mode of action on insect nicotinic acetylcholinegggtors using binding studies,

Pestic. Biochem. Physiol. (2018) 0-1. doi:10.10p&4tbp.2018.04.007.

25



[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

T. Farooqui, A potential link among biogenmiaes-based pesticides, learning
and memory, and colony collapse disorder: A unigymothesis, Neurochem.

Int. 62 (2013) 122-136. doi:10.1016/j.neuint.2092020.

R.D. Booton, Y. lwasa, J.A.R. Marshall, D.Zhi@s, Stress-mediated Allee
effects can cause the sudden collapse of honegdberies, J. Theor. Biol. 420

(2017) 213-219. doi:10.1016/.jtbi.2017.03.009.

United States Environmental Protection Agepths EPA, (n.d.).

https://www.epa.gov/ (accessed June 18, 2019).

U.S. EPA, Preliminary Pollinator AssessmenStgpport the Registration Review

of Imidacloprid, Off. Chem. Saf. Pollition Prev.Q®6) 305.

E.L. Caso, C.D.E.L.O.S. Plaguicidas, Analdgsla directiva europea 98/83/CE:
paradigma de la justificacion y establecimientdodevalores paramétricos. El

caso concreto de los plaguicidas, (2012) 21-35.

D. Oficial, D.E.L.A. Comisi, P. Europeo, P.i©peo, C. Alimentarius, Scientific
support for preparing an EU position for the 45&s$§on of the Codex
Committee on Pesticide Residues (CCPR), EFSA 2013) 1-5.

doi:10.2903/j.efsa.2013.3312.

B. Pérez-Fernandez, J.V. Mercader, B.l. Cheoago, A. de la Escosura-Mufiiz,
A. Costa-Garcia, A monoclonal antibody-based imnsensor for the
electrochemical detection of imidacloprid pesti¢cideaalyst. 144 (2019).

doi:10.1039/c9an00176;.

J. Biscay, M.B.G. Garcia, A.C. Garcia, Electremical biotin determination

based on a screen printed carbon electrode archgnagnetic beads, Sensors

26



[51]

[52]

[53]

[54]

[55]

[56]

Actuators, B Chem. 205 (2014) 426—432. doi:10.1j0sr83.2014.08.042.

G. Vasquez, A. Rey, C. Rivera, C. Iregui, Jofzo, Amperometric biosensor
based on a single antibody of dual function folidajetection of Streptococcus
agalactiae, Biosens. Bioelectron. 87 (2017) 453-458

doi:10.1016/j.bios.2016.08.082.

J. Mehta, P. Vinayak, S.K. Tuteja, V.A. ChhabN. Bhardwaj, A.K. Paul, K.
Kim, A. Deep, Graphene modified screen printed imoaensor for highly
sensitive detection of parathion, Biosens. Bioetett83 (2016) 339-346.

doi:10.1016/j.bios.2016.04.058.

W. Wei, X. Zong, X. Wang, L. Yin, Y. Pu, S.WiA disposable amperometric
immunosensor for chlorpyrifos-methyl based on imogen / platinum doped
silica sol — gel film modified screen-printed cambslectrode, Food Chem. 135

(2012) 888-892. d0i:10.1016/j.foodchem.2012.06.037.

S. Sajjadi, H. Ghourchian, H. Tavakoli, Chalioxidase as a selective
recognition element for determination of paraoxX&h(2009) 2509-2514.

doi:10.1016/j.bios.2009.01.008.

A.N. Ivanov, R.R. Younusov, G.A. Evtugyn, Frtduini, D. Moscone, G.
Palleschi, Acetylcholinesterase biosensor basesingbe-walled carbon
nanotubes — Co phtalocyanine for organophosphassqgdes detection,

Talanta. 85 (2011) 216-221. doi:10.1016/j.talafth1203.045.

J. Bao, C. Hou, Q. Dong, X. Ma, J. Chen, DoHM. Yang, K. Hussein, A. El,
W. Chen, Y. Lei, ELP-OPH / BSA / TiO 2 nano fi bérisMWCNTSs based
biosensor for sensitive and selective determinadfgm-nitrophenyl substituted

organophosphate pesticides in agueous system,rBioBaelectron. 85 (2016)

27



[57]

[58]

[59]

[60]

[61]

935-942. doi:10.1016/].bi0s.2016.05.094.

M. Haddaoui, N. Raouafi, Chemical Chlortolusimmiuced enzymatic activity
inhibition in tyrosinase / ZnO NPs / SPCE bioserisothe detection of ppb
levels of herbicide, Sensors Actuators B. Chem.(2095) 171-178.

doi:10.1016/j.snb.2015.05.023.

D. Catalina, S. Carvajal, G. Pefuela, Effdattdorpyrifos on the inhibition of
the enzyme acetylcholinesterase by cross-linkingater-supply samples and
milk from dairy cattle, Talanta. 111 (2013) 1-7.

doi:10.1016/j.talanta.2013.03.036.

F. Arduini, S. Guidone, A. Amine, G. Pallescbi Moscone,
Acetylcholinesterase biosensor based on self-adsdminnolayer-modified
gold-screen printed electrodes for organophosphosgxticide detection,

Sensors Actuators B. Chem. 179 (2013) 201-2081@di016/j.snb.2012.10.016.

C. Karuppiah, S. Palanisamy, S. Chen, S. KapRaPeriakaruppan, A novel and
sensitive amperometric hydrazine sensor based ldmgnoparticles decorated
graphite nanosheets modified screen printed caebemtrode, Electrochim. Acta.

139 (2014) 157-164. doi:10.1016/j.electacta.2014 5%

A. Jirasirichote, E. Punrat, A. Suea-ngamBailapakul, Voltammetric
detection of carbofuran determination using screemted carbon electrodes
modi fi ed with gold nanoparticles and graphenalexiralanta. 175 (2017) 331—

337. doi:10.1016/j.talanta.2017.07.050.

28



HIGHLIGHTS

Direct competitive immunosensor for electrochemical determination of IMD
pesticide reported for the first time.

Self-obtained monoclonal antibodies are immobilized on AuNP-SPCE taking
advantage of the AuNPs biofunctionalization abilities.

Excellent range of response, limit of detection, repeatability, accuracy,
selectivity, long-term stability and low matrix effects.

Biosensor results are validated by HPLC-MS/MS analysis.

Outstanding method for rapid and sensitive determination of IMD at the point-
of-use.
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