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ABSTRACT: Because the broadly consumed pain killer diclofenac (DCF) is a recognized pollutant, monitoring of its concentration is routinely performed in surface waters. As a valuable alternative to chromatographic and immunochemical assays, we developed a piezoelectric immunosensor to quantify DCF, first in buffer (PBS) and then in river water samples. A sensing layer comprising DCF was built up on the surface of silica-coated quartz sensors using a robust coupling chemistry. Binding of a highly affine monoclonal anti-DCF antibody was monitored in real time by quartz crystal microbalance with dissipation (QCM-D) measurements from which were determined a dissociation constant K D of 0.24 nM and an acoustic antibody surface coverage of 1120 ng/cm² at saturation. On the other hand, an optical antibody surface coverage of 260 ng/cm² was determined by combined nanoplasmonic sensing measurement, giving a hydration percentage of 75% for the antibody monolayer. DCF assay was further set up following an competitive format for which binding of antibody to the sensing layer is inhibited by DCF in solution. The piezoelectric sensor response expressed as frequency shift F was inversely related to the concentration of DCF with a dynamic range of 15 -46 nM and a limit of detection (LoD) of 9.5 nM (2.8 µg/L) in PBS. This piezoelectric immunosensor was eventually applied to the assay of DCF in surface water samples taken at three different locations in the Seine and the Marne rivers. The calculated concentration of DCF in these samples was in good agreement with official data published by the French center of water analysis eaufrance. Diclofenac (DCF), a non-steroidal anti-inflammatory drug (NSAID), is one of the most consumed pain killers worldwide with, for instance, 80 to 100 tons/year consumed in Germany and 40 to 60 ton/year in France. [START_REF] Bregoli | The fate of pharmaceuticals in freshwaters: a new global model for decision making[END_REF] As a result, and because of inefficient waste water treatment processes, DCF is considered as an emerging water pollutant and was listed in the first watch list of ten organic molecules to be monitored and reported. [START_REF] Vella | Commission Implementing Decision (EU) 2015/495 of 20 March 2015 Establishing a Watch List of Substances for Union[END_REF][START_REF] Sousa | A Review on Environmental Monitoring of Water Organic Pollutants Identified by EU Guidelines[END_REF] DCF is suspected to be hazardous to the aquatic environment [START_REF] Lonappan | Diclofenac and Its Transformation Products: Environmental Occurrence and Toxicity -A Review[END_REF] and in turn to human health. In 2019, the French agency for food safety and environment (ANSES) published a notice on the possible sanitary consequences of the presence of DCF in surface water and edited a guide value of 0.4 µg/L. [START_REF]Site | Anses -Agence nationale de sécurité sanitaire de l'alimentation[END_REF] Chromatographic methods are routinely used to quantify DCF residues in surface and ground water. [START_REF] Schmidt | Liquid Chromatography-Tandem Mass Spectrometry Detection of Diclofenac and Related Compounds in Water Samples[END_REF][START_REF] Kafeenah | Disk Solid-Phase Extraction of Multi-Class Pharmaceutical Residues in Tap Water and Hospital Wastewater, Prior to Ultra-Performance Liquid Chromatographic-Tandem Mass Spectrometry (UPLC-MS/MS) Analyses[END_REF] Alternatively, label-based immunochemical assays allow to quantify DCF in water samples with sensitivities from the µg/L down to the sub ng/L range, depending on the detection method.

8-17

Although these methods are selective and sensitive, they are not easily amenable to on-site detection. In this context, various biosensing set ups have been implemented using antibodies, [START_REF] Steinke | Plasmonic Sensor for On-Site Detection of Diclofenac Molecules[END_REF] aptamers [START_REF] Kassahun | Hydrogel Matrix-Grafted Impedimetric Aptasensors for the Detection of Diclofenac[END_REF][START_REF] Shi | Visible/near-Infrared Light Response VOPc/Carbon Nitride Nanocomposites: VOPc Sensitizing Carbon Nitride to Improve Photo-to-Current Conversion Efficiency for Fabricating Photoelectrochemical Diclofenac Aptasensor[END_REF] or even whole cells [START_REF] Schirmer | Encapsulating Genetically Modified Saccharomyces Cerevisiae Cells in a Flow-through Device towards the Detection of Diclofenac in Wastewater[END_REF][START_REF] Schirmer | Portable and Low-Cost Biosensor towards on-Site Detection of Diclofenac in Wastewater[END_REF][START_REF] Guenther | Optical and Impedimetric Study of Genetically Modified Cells for Diclofenac Sensing[END_REF] as bioreceptors coupled to electrochemical [START_REF] Nguyen | Enzyme-Less Electrochemical Displacement Heterogeneous Immunosensor for Diclofenac Detection[END_REF][START_REF] Azadbakht | Voltammetric Aptamer-Based Switch Probes for Sensing Diclofenac Using a Glassy Carbon Electrode Modified with a Composite Prepared from Gold Nanoparticles, Carbon Nanotubes and Amino-Functionalized Fe3O4 Nanoparticles[END_REF][START_REF] Kashefi-Kheyrabadi | Design and Construction of a Label Free Aptasensor for Electrochemical Detection of Sodium Diclofenac[END_REF] or optical [START_REF] Rau | Label-Free Optical Biosensor for Detection and Quantification of the Non-Steroidal Anti-Inflammatory Drug Diclofenac in Milk without Any Sample Pretreatment[END_REF][START_REF] Steinke | Detection of Diclofenac Molecules by Planar and Nanostructured Plasmonic Sensor Substrates[END_REF] signal transduction. With such set ups, DCF could be quantified in various matrices with variable sensitivities.

DCF being a small molecule, the only possible assay format is of the competitive type, thus requiring to build up a sensing platform at the surface of the transducer comprising an analogue of the analyte that will compete with the analyte in solution to bind the antibody. Previously, we had introduced a reliable strategy to generate a sensing layer comprising DCF molecules at the surface of planar and nanostructured gold and silica substrates and its ability to bind a polyclonal anti-DCF antibody. [START_REF] Huebner | Layer-by-Layer Generation of PEG-Based Regenerable Immunosensing Surfaces for Small-Sized Analytes[END_REF][START_REF] Ben Haddada | Gold Nanoparticles Assembly on Silicon and Gold Surfaces: Mechanism, Stability, and Efficiency in Diclofenac Biosensing[END_REF] This led to the implementation of an automated, flow-through, enzyme-based competitive immunoassay of DCF using chemiluminescence readout with good analytical performances and shelf-life. [START_REF] Huebner | Layer-by-Layer Generation of PEG-Based Regenerable Immunosensing Surfaces for Small-Sized Analytes[END_REF] In this work, we rely on this strategy to develop a label-free and fully regenerable piezoelectric immunosensor for the quantification of DCF in water samples. The sensing layer was carefully constructed at the surface of silica-coated QCM-D sensors with a slight modification regarding DCF immobilization thanks to an optimized activation process. Binding of a monoclonal highly affine anti-DCF antibody (mAb)

developed by some of us DCF were extracted following a modified procedure using Oasis HLB 3cc cartridge (Waters) without pH adjustment. [START_REF] Huebner | Rapid Analysis of Diclofenac in Freshwater and Wastewater by a Monoclonal Antibody-Based Highly Sensitive ELISA[END_REF] The cartridge was preconditioned with 1 mL of methanol followed by 1 mL of ultrapure water.

The surface water sample was loaded onto the cartridge followed by washing with 

RESULTS AND DISCUSSION

Surface functionalization.

A sensing layer comprising a PEG layer bearing terminal amine functions, was built up on planar and nanostructured silica-coated quartz sensors as schematized in Figure 1, following a previously reported surface functionalization protocol. 29 QCM data used for the fit were added as an inset.

Antibody binding (step 1 in Figure 3B) was characterized by a linear relationship between dissipation and frequency shifts with a small slope of 30 x 10 -9 Hz -1 indicative of the formation of a rigid antibody layer. [START_REF] Höök | Energy Dissipation Kinetics for Protein and Antibody-Antigen Adsorption under Shear Oscillation on a Quartz Crystal Microbalance[END_REF] Upon flowing buffer and regeneration solutions, large variations in both dissipation and frequency shifts can be observed.

Through this data representation, full regeneration is illustrated by a loop going back to its starting point.

This experiment was repeated with mAb solutions ranging from 0.05 to 5 mg/L in running buffer as shown in Figure 3C. These solutions were flowed at 50 μL/min for 120 min, followed by a washing step for 15 min. The absolute value of frequency shits were plotted as a function of mAb concentration (Figure 3D).

We have chosen to work at constant time rather than waiting for equilibrium which was reached at different times, depending on antibody concentrations.

This allows us to be more rigorous in the evaluation of the analytical performances. The determination of the kinetic parameters, i.e. association (k on ) and dissociation (k off ) rate constants and the dissociation constant (K D ), was performed by curve fitting according to equation ( 2) during the antibody association phase (inset in Figure 3D). [START_REF] Oshannessy | Determination of Rate and Equilibrium Binding Constants for Macromolecular Interactions Using Surface Plasmon Resonance: Use of Nonlinear Least Squares Analysis Methods[END_REF] The detailed fit parameters are summarized in Table S3. From the data fit, k on and k off rate constants were obtained, and a K D of 0.23 nM was calculated. This Hz and 0.9 x 10 -6 after 120 min (Figure 4A).

Simultaneous LSPR measurement led to a max redshift of around 1.40 nm upon antibody recognition (Figure 4C). The acoustic mass uptake (mAb and coupled solvent) was estimated from QCM-D data by applying the Sauerbrey equation, which reached ca. 1120 ng/cm² after 120 min (Figure 4B). On the other hand, the optical mass uptake was calculated from LSPR signal shift, and plateaued around 260 ng/cm² as shown in Figure 4D (detailed calculation is presented in Supporting Information). The optical mass uptake is considered as more representative of the real surface coverage as it only takes into account the antibody mass without interference from solvent molecules trapped with the protein layer. This experimental surface coverage value is consistent with the formation of a monolayer of antibodies with a head-on orientation. [START_REF] Boujday | In-Depth Investigation of Protein Adsorption on Gold Surfaces: Correlating the Structure and Density to the Efficiency of the Sensing Layer[END_REF][START_REF] Zhang | Antibody-Gold Nanoparticle Bioconjugates for Biosensors: Synthesis, Characterization and Selected Applications[END_REF] Performing the measurement on the same surface and in identical experimental conditions allows an accurate comparison of both acoustic and optical mass uptakes. Hence, the percentage of coupled water to the antibody layer was calculated using equation ( 3), giving a hydration value of 77% from data presented in Figure 5. This result is consistent with values found in the literature for proteins adsorption onto planar surfaces [START_REF] Vörös | The Density and Refractive Index of Adsorbing Protein Layers[END_REF][START_REF] Ray | Quantitative Analysis of Adsorbed Proteins by X-Ray Photoelectron Spectroscopy[END_REF] or colloidal systems. 37 Unlike the previous systems, nanostructured sensors regeneration could not be achieved (the frequency did not return to its initial value and stabilized around -10

Hz while LSPR signal returned to its baseline level), see The LoD obtained here are in the same range, even slightly lower, that those obtained by advanced chromatographic methods, HPLC-MS (3 µg/L). [START_REF] Schmidt | Liquid Chromatography-Tandem Mass Spectrometry Detection of Diclofenac and Related Compounds in Water Samples[END_REF] In addition, the analytical performances of the piezoelectric immunosensor compare favorably with previously reported label-free immunoassays. Steinke et al. developed an optical immunoassay, using the same mAb, which presented a detection range in the µg/L window. [START_REF] Steinke | Plasmonic Sensor for On-Site Detection of Diclofenac Molecules[END_REF] Rau et al. proposed another optical immunoassay for DCF with a LoD of 0.2842 µg/L and a LoQ of 0.4933 µg/L in buffer. [START_REF] Rau | Label-Free Optical Biosensor for Detection and Quantification of the Non-Steroidal Anti-Inflammatory Drug Diclofenac in Milk without Any Sample Pretreatment[END_REF] This better sensitivity might be due to the use of aceclofenac instead of DCF as a less competitive immobilized ligand. More detailed information on the analytical performances of biosensors already reported for diclofenac quantification in various media are gathered in Table S7. S6 and fitting parameters are detailed in Table S4. (Figure 6) and are also lower than the guide value given by ANSES (0.4 µg/L). [START_REF]Site | Anses -Agence nationale de sécurité sanitaire de l'alimentation[END_REF] Attempts to assay the same pre-concentrated river samples by RP-HPLC were unsuccessful (see Figure S11). 

  Samples containing known concentrations of DCF ranging from 0 to 333.2 nM were pre-incubated with mAb (5 mg/L) during 60 min at 37 °C in either PBS or PBS/EtOH 9:1. The preincubated samples were flown over the substrate surface for 60 min at a flow rate of 25 µL/min and rinsed with running buffer for 15 min. Quantification of diclofenac in surface water samples. Surface water samples (500 mL) were filtered through a 0.22 µm cellulose ester membrane filter (Millipore) to remove suspended matter and were kept in the dark at 4 °C until solid phase extraction (SPE).

  1 mL of water/MeOH 95/5 (v/v). The cartridge was dried for 10 min under vacuum, and DCF was eluted with 1 mL of methanol and kept in the dark at 4 °C. Prior to QCM-D measurement, the extracts were dried under vacuum and the residues reconstituted with 5 mL of PBS. A 100-fold concentration factor was therefore obtained, assuming total recovery during SPE procedure. The water samples were preincubated with mAb (5 mg/L) during 60 min at 37 °C and then were flown over the substrate surface for 60 min at a flow rate of 25 µL/min and rinsed with running buffer for 15 min. Considering sample preconcentration, antibody incubation and frequency readout, the total assay time is close to 3 h. The frequency readout step can be reduced to 10 min, thus lowering the total assay time to ca. 2h.

Figure 1 .

 1 Figure 1. Formation of diclofenac sensing layer by step-by-step functionalization of silica / silicon surfaces and schematic representation of competitive assay format. Experimental details and surface characterizations by ATR-IR, WCA and XPS are given in the supplementary information. Conjugation of DCF to the primary amine group of DAPEG requires preliminary activation of its carboxylic acid function. This was performed with three activation reagents, namely EDC/NHS, TSTU or PyBOP (Figure S3) with the objective of comparing the coupling efficiency and optimizing the number of analytes on the surface and, therefore, the sensing efficiency. The presence of DCF at the surface of the sensors was investigated by XPS, taking advantage of the two chlorine atoms of DCF, possibly resulting in a chlorine Cl 2p photopeak at 200 eV. The resulting spectra and the corresponding atomic compositions are shown in Figure 2 and TableS2, respectively.

Figure 2 .

 2 Figure 2. N 1s , C 1s and Cl 2p XPS spectra of Si substrates sequentially treated by (a) GOPTS and DAPEG; then by DCF activated via (b) EDC/NHS, (c) TSTU and (d) PyBOP.

Figure 3 .

 3 Figure 3. (A) QCM-D frequency and dissipation shifts upon injection of mAb solution (5 mg/L) to DCF modified quartz sensor at 50 μL/min and (B) the corresponding D-F plot. (0) running buffer, (1) mAb adsorption, (2) regeneration. (C) QCM-D frequency and dissipation shifts upon injection of mAb solution (0.05 -5 mg/L) at 50 µL/min and (D) the corresponding saturation curve.

  latter value is close to the one determined by Surface 6 Plasmon Resonance (SPR) measurement in a previous work although the surface chemistry used for DCF immobilization was different in this experiment (0.15 nM). 15 With a flowrate of 25 μL/min, the frequency shift measured after 120 min of antibody injection at 1 mg/L was of -74 Hz (Figure S7). The following QCM-D experiments were conducted at this flowrate, also allowing to reduce mAb consumption. Combined QCM-D & LSPR measurements. Binding of mAb to the sensing layer was also investigated on nanostructured sensors, allowing combined piezoelectric and optical transduction of the binding event by QCM-D and LSPR, respectively. This simultaneous real-time measurement, under the same experimental conditions and on the same surface, provides complementary information as both changes in acoustic ( ) and optical mass ( ) uptakes. The nanostructured sensors consist in silica-coated QCM-D sensors comprising, beneath the silica layer, randomly distributed gold nanodisks, thus allowing to use the same surface chemistry than above. The resulting combined measurement data for QCM-D (frequency and dissipation shifts) and LSPR (LSPR peak position shift) are shown in Figure 4. Before mAb injection, stabilization was performed by flowing running buffer at 25 μL/min. Injection of mAb (5 mg/L) led to a decrease in the frequency and a slight increase in dissipation energy values, respectively -62

Figure 4 .

 4 Figure 4. Adsorption of mAb (5 mg/L) by DCF-modified nanostructured quartz sensor at 25 µL/min: (A) QCM-D frequency and dissipation shifts and (B) the corresponding acoustic mass obtained from the Sauerbrey equation. (C) LSPR peak shift

Figure 4 .

 4 Figure 4. Several attempts were conducted by flowing successively the regeneration and running buffers onto a DCF-functionalized nanostructured substrate (Figure S8). No return to the baseline level was observed after the first, second and third cycles of regeneration which might be attributed to a reorganization of the PEG layer on the nanostructured surface. Consequently, at this stage combined QCM-D and LSPR measurements could not be used for DCF biosensing and we focus in what follows on QCM-D. DCF Biosensing in buffers. The principle of detection of DCF relies on a competitive assay for which binding of high affinity mAb to the DCFcontaining sensing layer is inhibited by DCF in solution. To this purpose, standard solutions of DCF (0 -333.2 nM) in running buffer were mixed with mAb (5 mg/L), incubated during one hour and then flowed over the DCF functionalized sensor for 60 min followed by a 15 min washing step with running buffer (Figure 5A). Upon injection of the mixtures of DCF and mAb, the free antibodies interacted with the immobilized DCF and generated a frequency decrease inversely related to the concentration of DCF in solution (Figure 5A). Indeed, when the concentration was small, there was no significant impact on the frequency shift. Conversely, injection of mixture of anti-DCF and a high concentration of DCF (333.2 nM) did not result in any change of frequency, indicating complete inhibition of antibody binding to the surface and absence of non-specific response.

Figure 5 .

 5 Figure 5. Competitive immunoassay established from frequency shifts measured during injection of mixtures of mAb (5 mg/L) and DCF (0 -333.2 nM) at flow rate of 25 µL/min (A) in PBS/EtOH with (B) corresponding calibration curve; (C) in PBS with (D) corresponding calibration curve. QCM-D values are summarized in TableS6and fitting parameters are

Figure 6 .

 6 Figure 6. Sampling sites of surface water collected in the Marne river in Paris and the Seine river in Paris and Vexin; and corresponding DCF concentrations determined by eaufrance agency 38 with average values.

  binding of antibody to the DCF-containing sensing layer is inhibited by DCF in solution. The sensor response expressed as frequency shift ∆ F was inversely related to the concentration of DCF in solution with a dynamic range of 15 -46 nM and a limit of detection of 9.5 nM (2.8 µg/L) in PBS. Finally, this piezoelectric immunosensor was applied to the analysis of surface water samples taken at three locations in the rivers Seine and Marne. The calculated concentration of DCF in these samples was in good agreement with data published by eaufrance agency which collection requires extremely heavy protocols. These finding pave the way for a rapid and easy to implement assay of small pollutants in river water.

Table S4

 S4 

	The determined analytical parameters for both assays
	performed in PBS/EtOH and PBS are summarized in
	, respectively. An IC 50 of 28.22 ±
	0.49 nM (8.36 ± 0.15 µg/L) was determined by fitting
	the data with the four-parameter logistic curve
	(equation 4).

Table 1 .

 1 The LoD was lower in PBS/EtOH while in PBS we obtained a lower LoQ and a DR centered on lower DCF concentrations. Therefore, in what follows PBS will be preferred as buffer for water resources analysis.

	Table 1. Limit of detection (LoD), limit of
	quantification (LoQ) and dynamic range (DR) for the
	competitive assay of DCF in PBS/EtOH and PBS.
		PBS/EtOH	PBS
	LoD (nM)	6.9	9.5
	LoD (µg/L)	2.0	2.8
	LoQ (nM)	24.4	15.3
	LoQ (µg/L)	7.2	4.5
	DR (nM)	24.4 -56.1	15.3 -46.1
	DR (µg/L)	7.2 -16.6	4.5 -13.6

  IR spectra, table with ATR-IR assignments, WCA results, activation mechanisms of DCF, table with XPS atomic composition, XPS spectra used for DCF surface coverage determination, detailed procedure for XPS quantitative analysis, XPS analysis for sonication procedure, table with fitting parameters for K D determination, QCM-D sensorgrams investigating effect of the flow rate on mAb adsorption, procedure for m LSPR calculation, QCM-D and LSPR sensorgrams investigating effect of regeneration on the PEG layer on nanostructured sensor, calibration curve in PBS/EtOH, calibration curves in PBS, table with fitting parameters of the logistic fit in PBS/EtOH and PBS, table presenting the determined LoD, LoQ and DR in PBS/EtOH and PBS, table presenting QCM-D data for the competitive immunoassay in PBS/EtOH and PBS, QCM-D data for the competitive immunoassay in surface water rivers. The Supporting information is available free of charge via the Internet at http://pubs.acs.org.
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 S8. 

CONCLUSIONS

In this work, we designed a competitive piezoelectric immunosensor to assay diclofenac in water resources.

A sensing layer comprising diclofenac as competitor was built up layer-by-layer by a wet chemistry process Email: michele.salmain@sorbonne-universite.fr
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