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Abstract

Herein, we propose the first three-dimensional origami paper-based device for the detection of
several classes of pesticides by combining different enzyme-inhibition biosensors. This device was
developed by integrating two different office paper-based screen-printed electrodes and multiple
filter paper-based pads to load enzymes and enzymatic substrates. The versatile analysis of different
pesticides was carried by folding and unfolding the filter paper-based structure, without any
addition of reagents and any sample treatment (i.e. dilution, filtration, pH adjustament). The paper-
based platform was employed to detect paraoxon, 2,4-dichlorophenoxyacetic acid, and atrazine by
exploiting the capability of these different types of pesticides (i.e. organophosphorus insecticides,
phenoxy-acid herbicides, and triazine herbicide) to inhibit butyrylcholinesterase, alkaline
phosphatase, and tyrosinase, respectively. The degree of inhibition correlating to the quantity of
pesticides was evaluated by chronoamperometrically monitoring the enzymatic activity in the
absence and in the presence of pesticides by using a portable potentiostat. To improve the
sensitivity, the paper-based electrodes were modified with carbon black alone in the case of
platforms for 2,4-dichlorophenoxyacetic acid and atrazine detection, or decorated with Prussian
blue nanoparticles for the detection of paraoxon. The paper-based device was applied for the
detection of paraoxon, 2,4-dichlorophenoxyacetic acid, and atrazine at ppb level in both standard
solutions and river water sample. The accuracy of this origami multiple paper-based

electrochemical biosensor was evaluated in river water by recovery studies, obtaining satisfactory



values (e.g. for paraoxon 90 £+ 1% and 88 + 2%, for 10 and 20 ppb, respectively). The proposed
three-dimensional origami paper device allows for rapid, cost-effective and accurate pesticide
detection in surface water as a result of combining filter and office papers, screen-printing, wax-

printing and nanomaterial technology.
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1. Introduction

Pesticides are largely used at worldwide level to improve the food production, fulfilling the needs of
the global population, which is increasing year by year. Although persistent pesticides (e.g.
dichlorodiphenyltrichloroethane (DDT) have been replaced with less persistent ones, contamination
of food, soil and water by pesticides remains an issue of public concern. To better manage this
problem, EU sets regulations for a sustainable employment of pesticides by promoting the adoption
of Integrated Pest Management (Directive 2009/128/EC). However, the sales of pesticides in EU
during 2011-14 have increased, reaching 395 628 tonnes of active ingredients, demonstrating that
the widespread use of pesticides is still an ongoing problem (Eurostat, 2016). The criticism on
pesticides is also highlighted in the frame of European Water Policy, pesticides such as
chlorfenvinphos, chlorpyriphos, atrazine have been established in the priority list of hazardous
substances (Directive 2008/105/EC). In this overall scenario, the detection of pesticides in water at
low concentrations (ppb level) is required to accomplish the regulatory aspect and to preserve the
health of environment and human being. The detection of pesticides is usually carried out by using
liquid chromatography or gas chromatography coupled to mass-spectrometric detection; however,
these methods require laboratory set-up, expensive instrumentations, skilled personnel, and often
the use of organic solvents, producing unsafe waste. To avoid the aforementioned drawbacks, in the
last few years several electrochemical biosensors have been developed (Ren et al., 2017a; Ren et
al., 2017b) , offering such advantages as cost effectiveness, ease in use, miniaturised devices and
suitability for in situ applications, in agreement with 11" principle of Green Chemistry (Anastas and
Warner, 1998). For toxic compound detection, electrochemical biosensors based on enzyme
inhibition have attracted tremendous attention in the scientific community because they are able to
provide information about the presence of environmental pollutants as well as food contaminants in

a timely fashion and off-laboratory setting.



This type of biosensors is based on the monitoring of the enzymatic activity in absence and in
presence of an inhibitor, generating a reduced response in the presence of pollutants owing to an
inhibited enzymatic activity by pesticides.

There have been efforts dedicated to develop printed electrochemical biosensors for the detection of
pesticides in surface water by exploiting several enzymes, depending on the pesticides of interest
(Arduini et al., 2006; Haddaoui and Raouaf, 2015; Bolella et al., 2016).

Recent applications of technologies to the design of electrochemical (bio)sensors for environmental
analysis have promoted the development of novel, easier and more environmentally friendly
devices (Arduini et al., 2017). In this regard, paper-based electrochemical (bio)sensors have paved
the way for sustainable measurements of analytes, using paper as an active substrate where reagents
are stored, electrodes are printed, real-life samples are analysed without any sample treatment and
avoiding the use of organic solvents (Cinti at al., 2016, Weng et al., 2018, Wang et al., 2018).
Furthermore, paper is a cost-effective and easy-to-handle support for developing microfluidic
devices without requiring any instrumentation as miniaturised pump for microfluidic management
(Kumar et al., 2015). Despite the recent employment of paper in the construction of electrochemical
biosensors (Dungchai et al., 2009; Nie et al., 2010, Lamas-Ardisana et al., 2018, Sun et al., 2018),
few examples reported in literature are customised for pesticide detection (Meredith et al., 2016;
Ding et al., 2016). In this regard, we have reported an integrated paper-based screen-printed
electrochemical biosensor for quantifying organophosphates, using paraoxon as a model compound
(Cinti et al.,, 2017) without any sample treatment i.e. filtration, dilution, reagents addition.
Motivated by the outstanding features of the paper and by the need to seek an analytical tool able to
detect multiclasses of pesticides for smart environmental monitoring, we here report the first
integrated multiple paper-based electrochemical biosensors in a 3D-origami configuration for
pesticide detection based on enzyme inhibition, exploiting the versatility of origami approach (Liu
and Crooks, 2011; Liu et al., 2012; Li et al., 2014). This paper-based platform is constituted of two

different electrodes printed on office paper connected to several filter paper pads to deliver multiple



analyses in term of i) initial and residual enzymatic activity, ii) detection of different pesticides

using different enzymes immobilised on a paper-based lab-on-chip.

2. Experimental section

2.1. Reagents and equipment

Alkaline phosphatase from bovine intestinal mucosa, butyrylcholinesterase from horse serum,
tyrosinase  from  mushroom, atrazine, diethylamine, n,n-dimethylformamide, 2,4
dichlorophenoxyacetic acid, ferric chloride, hydrochloric acid, magnesium chloride, paraoxon,
triethanolamine, sodium chloride, potassium ferricyanide, potassium dihydrogen phosphate,
dipotassium hydrogen phosphate were purchased from Sigma Aldrich. MO, USA. S-
butyrylthiocoline chloride was purchased by Santa Cruz Biotechnology, Inc. TX, USA, while
catechol from Aldrich Chem. Carbon black N220 was kindly supplied as a gift from Cabot
Corporation, Ravenna, Italy which is characterised by carbon nanoparticles as showed in Figure S1.
Cyclic voltammetry and chronoamperometry were carried out using a portable PalmSens
Instrument (PalmSens, Netherlands) in connection with a laptop. Micrographs of paper-based
materials and paper-based electrodes were acquired by means of a field emission gun scanning
electron microscopy (FEG-SEM, Leo Supra 35). The TEM image was recorded with a Philips

CM120 Analytical instrument (LaB6).

2.2. Production of Carbon black dispersion
The dispersion of Carbon black (CB) was prepared by adding 20 mg of CB powder to 20 mL of
solvent (a mixture of dimethylformamide (DMF): water (1:1)), and sonicated for 60 min at 59 KHz

(Arduini et al., 2012).



2.3. Production of Carbon black/Prussian blue nanocomposite powder

A carbon black/Prussian blue nanoparticles (CB/PBNPs) nanocomposite was previously
characterised and prepared following our previous paper (Cinti et al., 2014). Briefly, 1 g of carbon
black powder was suspended in a 10-mL solution containing 0.1 M potassium ferricyanide prepared
in 0.01 M HCI. After 5 min of stirring, 10 mL of 0.1 M ferric chloride, prepared in 0.01 M HCI,
was added, and the resulting suspension was stirred for 10 min. CB decorated with PB nanoparticles
(CB/PBNPs) were collected by centrifugation, and washed five times with 0.01 M HCI. The
precipitate was then dried in an oven at 100 °C for 1.5 h. The Carbon black/Prussian blue
nanoparticles were then used to prepare a dispersion using the same procedure described in Section

2.2.

2.4. Fabrication of the paper-based biosensor

A semi-circular pattern initially designed using the drawing software Adobe Illustrator was printed
on a piece of Fabriano Copy 2 office paper (80 g/m?) using an office wax printer by using an office
wax printer (ColorQube) to create a hydrophobic pattern. The wax-printed paper was then placed in
a 100 °C oven for 4 min to allow the wax to diffuse through the paper, producing a hydrophobic
region, which defines the hydrophilic zone. A three-electrode system (screen-printed electrode,
SPE) was manually screen-printed using an Ag/AgCl ink (Electrodag 477 SS) to print the pseudo-
reference electrode, and a graphite-based ink (Electrodag 421) to print the working and counter
electrodes on hydrophilic zone. All the conductive-inks were purchased from Acheson (ltaly)
(Colozza et al., 2018). Successively, the electrodes printed on office paper were modified with a
carbon black or a carbon black / Prussian blue nanoparticle dispersion by drop casting. In the case
of SPEs used for the detection of atrazine and 2,4 dichlorophenoxyacetic acid (2,4-D), 2 uL of the

carbon black dispersion was applied to the working electrode surface. After that, the solvent was



allowed to volatilize at room temperature, leaving a CB “film” onto the electrode surface. In the
case of SPEs used for the detection of paraoxon, the SPEs were modified with the carbon black /
Prussian blue nanoparticle dispersion as described for carbon black dispersion. The same wax-
printing procedure was used for preparing a hydrophobic pattern on a piece of filter paper (67 g/m?,
Cordenons, Italy). The porosity of this type of paper, depicted in Figure S2, has been exploited to
load the enzyme as well as the substrate, while the morphology of office paper (Figure S2) to print
the electrodes. Successively, the strips constituted of four pads loaded with different enzymes and
substrates, depending of the pesticides to detect, were integrated with the electrode printed on office
paper using an adhesive tape. The morphology of the working electrode printed on office paper
modified with nanomaterials (e.g carbon black) is similar with the one (Arduini et al., 2015)
observed in case of polyester-based printed sensor modified with carbon black (Figure S2). After
the preparation, the origami paper-based device has been used within the day. It is possible to use
the paper-based system within one week, maintaining the pad under vacuum and including the use
of nitrogen flow before closing the reservoir that contains the device, being butyrylthiocholine
highly hygroscopic and easily hydrolysed. Regarding the working stability, the same office paper-
based sensor both modified with carbon black or carbon black/Prussian blue nanoparticles can

perform at least four successive measurements (Figure S3, S4).

For paraoxon detection, the red pad (Figure 1) was loaded with 2 pL of BChE 1 U/mL solubilised
in phosphate buffer 0.05 M+ KCI 0.1 M, pH= 7.4, while the green pad was loaded with 20 pL of

butyrylthiocholine 10 mM solubilised in phosphate buffer 0.05 M+ KCI 0.1 M, pH=7.4.

For 2,4-D quantification, the red pad (Figure 1) was loaded with 2 uL of alkaline phosphatase 50
U/mL solubilised in TRIS buffer 0.03 M+ MgCIl, 5 mM + NaCl 0.05 M M, pH= 7.6, while the
green pad was loaded with 20 pL of 1-naphthyl phosphate 10 mM solubilised in DEA buffer 0.97

M + MgCl, 0.01 M + KCI 0.15 M, pH=9.8.



For atrazine measurement, the red pad (Figure 1) was loaded with 2 pL of tyrosinase 25 U/mL
solubilised in phosphate buffer 0.05 M+ KCI 0.1 M, pH= 6.5, while the green pad was loaded with

20 pL of catechol 0.3 mM solubilised in phosphate buffer 0.05 M+ KCI 0.1 M, pH=6.5.

For the detection of pesticides in real-life sample, the pesticides were added to river water aliquots
and the degree of inhibition was calculated by adding directly the spiked river water sample to the

pad.

2.5. Measurements of pesticides using the paper-based platform

For the initial enzymatic activity, a pair of green and red pads was put in contact and 20 pL of the
distilled water was added; thereafter the enzymatic reaction occurs, and the electroactive enzymatic
by-product was detected at the selected applied potential by chronoamperometry. For the residual
enzymatic activity, 5 pL of the inhibitor solution (a standard solution or a real-life sample) were
loaded onto the red pad (second couple); after 5 min, the green pad was put in contact with the red
pad and the printed electrode, and the measurement was carried out as described for the initial
enzymatic activity measurement. The chronoamperometric signal was recorded after 100 s. The

inhibition percentage was evaluated by using the following equation (Amine et al., 2016):

1% = [(lo-1:)/10)] * 100 (1)

where I and I; represent the biosensor response in terms of enzymatic activity in the absence and in

the presence of pesticides.

3. Results and Discussion

3.1. Device concept, configuration and measurement

The origami multiple paper-based biosensor was developed by exploiting the capability of different

types of pesticides including paraoxon, 2,4 -dichlorophenoxyacetic acid, and atrazine to inhibit the



corresponding enzyme of butyrylcholinesterase, alkaline phosphatase, and tyrosinase (Arduini et al.,
2010; Mazzei et al., 2004, Tortolini et al., 2016). To measure the amount of pesticides present in
water samples, the concentration of pesticides was quantified using Equation (1). Figure 1
illustrates the configuration of the platform, which consists of two office paper-based electrodes
printed on the front and the backside of the origami system. The two sensors correspond to a carbon
black / Prussian blue nanoparticle dispersion modified graphite working electrode for the detection
of thiocholine, which is the enzymatic by-product of butyrylcholinesterase, and a carbon black
modified graphite working electrode for the detection of 1-naphthol and 1,2-benzoquinone, which
are the enzymatic by-products of either alkaline phosphatase or tyrosinase. To deliver a reagent-free
analytical tool, different strips of filter paper containing several pads were linked with the
electrodes printed on office paper by adhesive tape. Each strip is constituted of two pairs of
different pads (A, C in Fig. 1), two pads containing the enzyme (red pads), the other two pads

containing the substrate (green pads), separated by an empty piece of paper (B in Fig. 1).

For measuring the initial enzymatic activity (lo) e.g. atrazine measurement, the distal couple of pads
is used, and the green pad containing the substrate is folded firstly to come in contact with the red
pad containing the enzyme (step 1), then further folded (step 2) in order to be both put into intimate
contact with the electrochemical cell printed on office paper (step 3). After that, 20 pL of distilled
water were added to the origami sensor and the measurement started, since the distilled water wets
the pads containing enzyme, substrate, buffer salts, dissolving them and producing a solution with
the selected optimal working conditions for enzymatic reaction (i.e. pH, ionic strength). The
enzymatic reaction took place on with the formation of the enzymatic by-product (1,2-

benzoquinone), which was reduced at working electrode surface to yield the current I.

To perform the measurement of a sample, the already used pads were open and cut (step 4-5) and 5
ML of water sample were loaded only onto the red pad containing the enzyme of the C pair (step 6).

After an incubation time of 5 min, the green pad was folded to sandwich the red one so that both



were in an intimate contact (step 7-8) with the electrochemical cell printed on office paper for
measuring the residual enzymatic activity (I;), quantified as reported before (Figure 2). Repeating
this procedure with the three strips of pads present in the platform, six measurements can be carried
out with the same paper-based device, delivering an integrated analytical tool able to quantify three

different types of pesticides.

3.2 Paraoxon detection using BChE paper-based biosensor

For the detection of organophosphorus insecticides such as paraoxon, we selected BChE as
biocomponent as it is irreversibly inhibited by organophosphates. This enzyme is able to hydrolyse
the natural substrate butyrylcholine, with the production of electro-inactive butyric acid and choline
as enzymatic by-products. To develop a sensitive amperometric biosensor and avoid the use of a
more expensive bi-enzymatic biosensor, as well as the low sensitivity of a potentiometric detection,
butyrylthiocholine was used as a synthetic substrate, to produce thiocholine that is electroactive and
can be amperometrically detected. Because the oxidation of thiol compound is characterised by
fouling problem at the working electrode surface, we exploited Prussian blue (ferric
hexacyanoferrate) nanoparticles combined with CB because of its capability to electrocatalyse the
oxidization of thiocholine at low applied potential, overcoming the fouling problem which occurs at
bare carbon electrodes (White et al., 2002). To evaluate the suitability of the electrode printed on
office paper modified with CB/PBNPs, a cyclic voltammetric study was carried out using bare and
modified electrodes with butyrylthiocholine and BChE (Figure 3A). In the case of the bare SPE, in
presence of enzymatic product thiocholine, only a small increase of the oxidative current was
observed at the potential close to 0.6 V. In the presence of the substrate butyrylthiocholine, carbon
black / Prussian blue nanoparticle modified SPE yielded a pair of redox peaks observed at around
0.2 V and 0.3 V, which were assigned to the reduction of Prussian blue to Prussian white and the
oxidation of Prussian white back to Prussian blue, respectively (Figure 3A). In the presence of

thiocholine, which is generated by the reaction between butyrylcholinesterase and



butyrylthiocholine, an increase in the anodic peak current was observed, compared to response
without butyrylthiocholine. The increase in the anodic peak current observed, compared to response
without butyrylthiocholine, is ascribed to the rise in concentration of Prussian white at the electrode
surface, resulting in an increase of the anodic peak current. By contrast, the cathodic peak is
proportional to Prussian blue concentration, which diminishes at the electrode surface by the
reaction with thiocholine. In this way, the obtained cyclic voltammetries highlighted the typical
behavior of oxidative reaction catalysed by the electrochemical mediator, demonstrating the

suitability of this sensor to detect the thiocholine enzymatic by-product”.

3.2.1 Optimisation of the experimental parameters

Once the effectiveness of carbon black / Prussian blue nanoparticle-SPEs was verified, several
parameters including BChE concentration, the amount of butyrylthiocholine to load on pad, and the
reaction time were optimised to obtain a sensitive, repeatable, and time-saving platform. All the
chronoamperometric studies for the BChE biosensors were performed at 0.3 V (vs. Ag/AgCl) as
applied potential, taking into account the cyclic voltammetric study and our previous results (Cinti

etal., 2017).

3.2.1.1. Optimisation of the volume of Butyrylthiocholine to load on the pad

Since the paper-based platform is conceived as the integration of electrode printed on office paper
and filter paper multipads, it was necessary to evaluate the loading capacity of the pad e.g. amount
of substrate to load on the pad. Several volumes (i.e. 10, 20 and 30 pL) of 10 mM of
butyrylthiocholine were cast on the pad. A volume of 20 uL. was selected since it gave the higher

response and the best repeatability, as depicted by Figure S5.

3.2.1.2 Optimisation of BChE concentration



Successively, BChE concentration was optimised by testing three different concentrations, namely
2 mU, 20 mU, 200 mU (Figure 3B). Since the inhibition of butyrylcholinesterase by paraoxon is of
irreversible type, the degree of inhibition depends on the enzyme concentration (Arduini and
Amine, 2014). To seek high sensitivity, the enzyme concentration should be chosen as the lowest
amount of enzyme able to furnish a measurable signal, thus 20 mU was selected for the rest of the

work.

3.2.1.3. Optimisation of the reaction time

The next optimised parameter was the reaction time, which is the time of reaction between the
enzyme and the substrate needed to obtain the enzymatic by-product. The effect of tree different
reaction times was investigated, namely 1, 2, 4 minutes. As shown in Figure S6, the reaction time

selected was 2 min, as the best compromise in terms of sensitivity and time of analysis.

3.2.2 Paper-based platform for substrate detection

Once optimised, the paper-based platform was then tested towards butyrylthiocholine, the
enzymatic substrate that was analysed in the range comprised between 1- 20 mM, observing a
Michaelis Menten behaviour (Arduini and Amine, 2014), with a Kyagp= (2.3+0.5) mM (Figure 3C),
which is in agreement with the literature data (i.e. Kmapp = (2.2 £ 0.3) mM) using BChE
immobilised by cross-linking method at a polyester-based sensor (Arduini et al., 2015). The
minimum butyrylthiocholine concentration that gives Viax was 10 mM, and it was chosen for the
insecticide determination; in addition, the repeatability of the biosensor was tested at this

butyrylthiocholine level with a RSD% equal to 3%, demonstrating a remarkable repeatability.

3.2.3 Paper-based platform for paraoxon detection



In order to detect paraoxon, we have exploited the capability of paraoxon to irreversibly inhibit
BChE, and thus the decrease of the response due to presence of inhibitor needs to be related with
the response in absence of inhibitor using Equation 1. For this reason, the first measurement using
the first couple of red and green pads was carried out for the evaluation of lp, i.e. the enzymatic
activity quantification in the absence of an inhibitor. After that, the first couple of the pads was cut
and the second couple was used to evaluate the response of the inhibited paper-based platform. In
details, for the I, measurement, the enzymatic activity was evaluated by wetting the sandwiched
multipad with 20 pL of distilled water, followed by the chronoramperometric measurement at
applied potential. For the inhibitor detection, the red pad was firstly wetted with 5 puLL of paraoxon,
and after 5 minutes of incubation between BChE and paraoxon (incubation time), the same
procedure reported for the Iy quantification was used to record li. Under the optimal conditions, the
paper-based platform was tested with several concentrations of paraoxon in the range between 2 and
100 ppb, observing a linear range up to 20 ppb described by the following equation, inhibition
percentage = 8.7+2.9 + 3.2+0.3 x (paraoxon concentration / ppb), with R? = 0.907 (Figure 3D; N =
3), yielding a sensitivity of 3.2+ 0.3 degree of inhibition/ppb. The limit of detection (LOD) of the
biosensor was found equal to 2 ppb, calculated as the 15% of inhibition, which is comparable or
slightly higher in respect to other works reported in literature based on plastic-based SPE (0.145
ppb) or carbon paste electrode (0.86 ppb) (Joshi et al., 2005; Di Tuoro et al., 2011). To verify the
suitability of the paper-based platform with real-life water sample, the water of Aniene River
(Aniene, Italy) was collected and analysed without any treatment process, but only by adding 5 puLL
to the red pad. No inhibition was observed in the real-life matrices, demonstrating the absence of
BChE inhibitors at the detection limit level of the device. The calibration plot obtained in matrix
showed a linearity up to 20 ppb described by the following equation y= (10.5 £1.2) + (1.7 £ 0.1) x,
with a R? = 0.960, and a sensitivity of 1.7+ 0.1 degree of inhibition/ppb. Subsequently, the sample
was spiked with two levels of paraoxon, namely 10 and 20 ppb, obtaining satisfactory recovery

values of 90 = 1% and 88 + 2%, respectively. These results demonstrated the capability of this



biosensor to detect paraoxon also in a complex matrix such as untreated river water by an easy

procedure and a cost-effective device.

3.3 Paper-based platform for 2,4-D detection

The detection of 2,4-D belonging to phenoxy herbicides was carried out measuring the degree of
inhibition of alkaline phosphatase because this enzyme is reversibly inhibited by 2,4- D (Mazzei et
al., 2004; Bolella et al., 2016). Phosphatases enzymes are capable to catalyze the hydrolysis of
phosphoric acid esters, and this group of enzymes is divided in four classes, depending on the
chemical nature of the substrate or the type of hydrolysis reaction. The alkaline phosphatases
hydrolyses the phosphate ester functional group of its substrates to the respective alcoholic product
and among the several substrates that can be employed, 1-naphthyl phosphate was used, giving the
electroactive compound 1-naphthol. The detection of this latter is usually carried out by using bulk
or miniaturised electrodes such as glassy carbon electrodes and carbon-based screen-printed
electrodes, however its measurement is usually associated with electrode fouling processes. In this
regard, Wang group demonstrated that the amperometric response of ALP biosensor with 1-
naphthyl phosphate as substrate decayed rapidly to zero current, which was explained by the
formation of a polymeric layer that caused fouling of the working electrode surface
(Preechaworapun et al., 2008). To overcome this problem, in this work we used carbon black
nanomaterial as electrode nanomodifier to improve the sensitivity (Deroco et al., 2017; Deroco et
al., 2018; Wong et al., 2018) as well as to reduce the fouling problem, since in our previous works
we demonstrated its anti-fouling properties in the case of thiols, NADH, and also phenolic
compounds (Arduini et al., 2010; Talarico et al., 2015). Fig. 4A shows the cyclic voltammograms at
a bare electrode and carbon black-SPE in the presence of 200 mU ALP and 40 mM of 1-naphthyl
phosphate, demonstrating the reduction of the applied potential and the increase the sensitivity
using carbon black as nanomodifier of the working electrode surface. Furthermore, we

demonstrated for the first time that carbon black is able to improve the electroanalytical



performance of the SPE also in the case of naphthol measurements, besides the already tested
compounds such as NADH, H,0,, thiocholine, catechol, caffeic acid (Arduini et al., 2010; Arduini
et al., 2012; Talarico et al., 2015), widening the applications of SPE modified with this cost-

effective nanomaterial.

3.3.1 Optimisation of the experimental parameters

In the case of reversible inhibition, such as the case of ALP inhibited by 2,4-D, the concentration of
enzyme did not affect the degree of inhibition (if the enzyme concentration is lower than the
concentration of the inhibitor), thus the enzyme concentration capable to give a response
characterised by high sensitivity and repeatability should be selected (Arduini and Amine, 2014).
Chronoamperometric measurements were carried out using different concentrations of ALP, namely
10, 20, 50, 100, 200 mU (Figure 4B). As expected, the increase of enzyme units cast on the pad
leads to an increase of the observed response. Since 100 mU and 200 mU highlight a little variation,
100 mU were selected for the rest of the work, avoiding the misuse of the enzyme. Regarding other
parameters such as the reaction time and the volume of the substrate to load, the values were chosen
taking into account the optimisation carried out before in the case of paraoxon detection, thus 2
minutes and 20 pL, respectively. After, the paper-based platform was tested towards the enzymatic
substrate, analysed in the range between 5-40 mM, observing a Michaelis Menten behaviour with a
Kwmapp= (9.6 2.0) mM (Figure 4C).

For the substrate concentration, we have selected the amount able to deliver a more repeatable
measurement. For this reason, 10 mM of 1-naphthyl phosphate was selected having a RSD% equal

to 7%, lower than the RSD% of the other concentrations.

3.3.2 Paper-based platform for 2,4-D detection



Once optimised the selected parameters, the paper—based platform was tested with several
concentrations of 2,4-D detection in the range comprised between 100 and 1000 ppb, observing a
linear range up to 600 ppb described by the following equation, inhibition percentage = 22.6+0.7 +
0.043+0.002 x (2,4-D concentration / ppb), (N= 3), R*= 0.970 (Figure 4D). The limit of detection
of the biosensor was found equal to 50 ppb, calculated as the 25% of inhibition (Amine et al.,
2016). To verify the suitability of the paper-based platform with real-life water sample, the water of
Aniene River was analysed as above reported, by only adding 5 uL of the real-life water sample to
the red pad. No inhibition was observed in this matrix, demonstrating the absence of ALP inhibitors
at the detection limit level of the device. The calibration curve obtained in matrix showed a linearity
up to 200 ppb with an equation equal to y= (14.6 + 0.5) + (0.100 + 0.004) x, R* = 0.989 and a
sensitivity of 0.100+0.004 degree of inhibition/ppb. Subsequently, the sample was spiked with two
levels of 2,4-D namely 100 and 200 ppb, obtaining satisfactory recoveries of 86 + 4% and 93 + 2%,

respectively.

3.4 Paper-based platform for atrazine detection

The detection of atrazine was carried out analysing the inhibition degree of tyrosinase enzyme,
since this enzyme is inhibited in a reversible way by atrazine (Tortolini et al., 2016). Tyrosinase is a
monophenol monooxygenase which catalyses the o-hydroxylation of monophenols to form o-
diphenols followed by an oxidative reaction from o-diphenols to o-quinones (Vicentini et al. 2013).
The detection of enzymatic activity relies on monitoring the quinone enzymatic by-products,
electrochemically reduced to o-diphenols. For the tyrosinase enzymatic activity measurement, the
electrode modified with carbon black was employed, taking into account that i) in this way it is
possible to use only two paper-based electrodes for the measurements of the three types of
pesticides ii) in previous works the suitability of carbon black in the fabrication of tyrosinase-based

biosensor has been demonstrated (Arduini et al. 2010, Ibafiez-Redin et al. 2018).



3.4.1 Optimisation of the experimental parameters

In the case of tyrosinase biosensor development, the applied potential for the reduction of the
enzymatic by-product quinone was optimised by investigating three different applied potentials
namely -100 mV, -150 mV, and -200 mV. As displayed in Fig. 5A, the potential of -150 mV
represents the best compromise between a satisfactory sensitivity and good repeatability (RSD%
equal to 2.5 %), thus this value was selected in agreement with the results obtained using carbon-
black based paste electrode or using carbon nanotube based-carbon paste electrode (Arduini et al.
2010, Mita et al. 2007). As in the case of ALP biosensor, the enzymatic units to load on the pad
were chosen taking into account that tyrosinase is reversibly inhibited by atrazine. More
specifically, five different concentrations of enzyme were evaluated in a range between 10 and 200
mU. As shown in Figure 5B the best compromise between sensitivity and repeatability was 50 mU,
thus this value was selected for the further experiments. The response of biosensor toward the
enzymatic substrate was then evaluated in the range of 20 uM-1 mM (Figure 5C), obtaining a Kuapp
equal to 172+15 uM. The value found is the half than the one reported in literature (e.g. 300+2 pM)
(Espin et al. 2008), demonstrating the suitability of this biosensor to detect also catechol. In the case
of competitive reversible inhibition in nature, the sensitivity of biosensor is improved by using
concentration of the enzymatic substrate lower than inhibitor concentration, thus a lower
concentration in respect to the concentration to give the maximum enzymatic rate (i.e. 300 uM)

characterised by a good repeatability RSD= 4% (n=3) was chosen.

3.4.2 Paper-based platform for atrazine detection

The optimised paper—based platform was then applied to atrazine detection. A linear range between
10-100 ppb described by the following equation, inhibition percentage = 24.5+1.3 + 0.25+£0.02 x
(atrazine concentration / ppb), with R? = 0.917 in real-life river water sampled from Aniene River,

as shown in Figure 5D. Also, as no inhibition was observed in a real-life matrix, the accuracy was



evaluated by recovery studies at two levels (i.e. 50 and 100 ppb), achieving recovery values equal to

80 + 4% and 92 + 3%, respectively.

4. Conclusions

Herein, we demonstrate here for the first time the possibility to detect several classes of pesticides
by coupling electrode printed on office papers with multi-pad system. This tool was fabricated by
merging different technologies including screen-printing, wax-printing and nanomaterial
technology, boosting the eco-design aspect and sustainability of the analytical device, since the
sensor can be safely disposed of after measurements, negating electrical/electronic waste. The
porosity of filter paper was used to load the enzyme as well as the enzymatic substrate to deliver a
reagent free analytical tool, thus an unskilled operator would only need to add a few pL of untreated
sample or distilled water to carry out the measurement. In addition, the porosity of the paper was
also used to treat the sample, owing to the filtering property of the paper that avoids the contact of
river particulates with the working electrode surface,. Furthermore, the origami design allowed the
development of a single device capable of making several measurements for both initial and
residual enzymatic activity estimation in case of three different pesticides, demonstrating the
polyedric aspect of 3D paper-based devices. In this way, this device can be considered a valid
screening system able to detect toxic compounds inhibiting the enzymes used in this paper-based
tool, working as a “family doctor”. Further efforts will be devoted to exploit filter paper also for
pre-concentrating the sample, increasing the sensitivity and reducing the detection limit as well as

for a sustainable device which matches also the stricter European legal limit for the surface water.
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Figure captions

Figure 1. Schematic representation and photographs of the configuration of the paper-based
platform and measurement procedure.

Figure 2. Details of the enzymatic activity measurement using electrodes printed on office paper
combined with a multi-pad system.

Figure 3. BChE paper-based biosensor for paraoxon detection. A) Cyclic voltammetries using bare
SPE (green line) and CB/PBNPs-SPE (red line) in presence of BChE 200 mU and
butyrylthiocholine 10 mM, while the cyclic voltammetry of CB/PBNPs-SPE in presence only of
butyrylthiocholine 10 mM is reported in blue line, scan rate 50 mV/s. B) Optimisation of enzymatic
unit to load on the filter-paper pad. Chronoamperometric measurement at an applied potential of 0.3
V vs Ag/AgCI pseudoreference using 10 mM of butyrylthiocholine and reaction time of 2 min. C)
Chronoamperometric measurement at an applied potential of 0.3 V vs Ag/AgCl pseudoreference,
reaction time of 2 min, using 20 mU of BChE cast on red pad varying butyrylthiocholine
concentration on green pad and the corresponding calibration curve. D) Chronoamperometric
measurement at an applied potential of 0.3 VV vs Ag/AgCI pseudoreference, reaction time of 2 min,
using 20 mU of BChE cast on red pad and butyrylthiocholine 10 mM cast on the green pad varying
the concentration of paraoxon, on the right of Figure 3D the calibration curve. Measurements
recorded in triplicate. The black arrows in Figure 3C and 3D indicate the trend of the response at
the increasing of analyte concentration.

Figure 4. ALP paper-based biosensor for 2,4-D detection. A) Cyclic voltammetries using bare SPE
(green line) and CB-SPE (red line) in presence of 200 mU ALP and 40 mM of 1-naphthyl
phosphate while the cyclic voltammetry of CB-SPE in presence only of 40 mM of 1-naphthyl
phosphate is reported in blue line, scan rate 50 mV/s. B) Optimisation of enzymatic unit to load on
the filter-paper pad. Chronoamperometric measurement at an applied potential of 0.3 V vs Ag/AgClI
pseudoreference using 40 mM of 1-naphthyl phosphate and reaction time of 2 min. C)
Chronoamperometric measurement at an applied potential of 0.3 V vs Ag/AgCl pseudoreference,
reaction time of 2 min, using 100 mU of ALP cast on red pad varying 1-naphthyl phosphate
concentration on green pad and the corresponding calibration curve. D) Chronoamperometric
measurement at an applied potential of 0.3 V vs Ag/AgCI pseudoreference, reaction time of 2 min,
using 100 mU of ALP cast on red pad and 1-naphthyl phosphate 10 mM cast on the green pad
varying the concentration of 2,4-D, on the right of Figure 4D the calibration curve. Measurements



recorded in triplicate. The black arrows in Figure 4C and 4D indicate the trend of the response at
the increasing of analyte concentration.

Figure 5. Tyr paper-based biosensor for atrazine detection. A) Optimisation of applied potential.
Chronoamperometric measurement using 200 mU Tyr cast on the red pad and catechol 10 mM on
green pad, reaction time of 2 min. B) Optimisation of enzymatic unit to load on the filter-paper pad.
Chronoamperometric measurement at an applied potential of -0.15 V vs Ag/AgCl pseudoreference
using 0.2 mM of catechol and reaction time of 2 min. C) Chronoamperometric measurement at an
applied potential of -0.15 V vs Ag/AgCl pseudoreference, reaction time of 2 min, using 50 mU of
Tyr cast on red pad varying catechol concentration on green pad and the corresponding calibration.
D) Chronoamperometric measurement at an applied potential of -0.15 V vs Ag/AgCl
pseudoreference, reaction time of 2 min, using 50 mU of Tyr cast on red pad and catechol 0.3 mM
cast on the green pad varying the concentration of atrazine, and on the right of Figure 5D the
calibration curve in real-life river water sampled from Aniene River. Measurements recorded in
triplicate. The black arrows in Figure 5C and 5D indicate the trend of the response at the increasing
of analyte concentration.
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Highlights

o 3D paper-based origami device for different types of pesticides
e Reagentless measurement of pesticides
¢ Inhibition-based enzymatic biosensors

e Wax/screen-printing, paper and nanomaterials for a laboratory-free platform






