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Polydopamine-based molecularly imprinted thin films for electro-chemical sensing of nitro-explosives in aqueous solutions

A standard low volume electrochemical cell from Metrohm was used for the measurements and electropolymerization. The gold electrode was used as working electrode, a DRIREF-2 Ag/AgCl (WPI) was used as reference electrode and a platinum coil as a counter electrode. The measurements were carried out on the Autolab PG stat 12 program. The software used for the recording and post-processing was NOVA 2.0 from Metrohm. The spectra were recorded using cyclic voltammetry in the staircase mode, at a scan rate of 0.02 V s -1 . The solvent was a 50:1 (v/v) mixture of 10 mM phosphate buffer pH 7.4 and acetonitrile. Acetonitrile was necessary to ensure the TNT solubility.

Scanning electron microscopy (SEM) imaging was carried out on a Quanta FEG 250 scanning electron microscope (Eindhoven, Netherlands). The samples were sputter coated with gold before measurement. Atomic force microscopy (AFM) images were recorded on a Bruker AFM dimension icon and the Gwyddion 2.51 software (Free Open Source software, covered by GNU General Public License) was used to post-process the AFM images.

Molecular modelling. The Spartan 2D sketch tool was used to draw the structures of monomers, dummies and targets. They were first minimized with the MMFF94 (Merck Molecular Force Field) [START_REF] Halgren | Molecular geometries and vibrational frequencies for MMFF94[END_REF] force field to obtain an initial geometry and the most stable conformation for each monomer, dummy, target and complex. The lowest-energy conformer was defined as starting geometry in DFT calculations with the ωB97X-D/6-31G* basis set to obtain both the geometry and the thermodynamic parameters of the templatemonomer complexes. ωB97X-D is a modern density functional capable of accurately predicting both short-range and long-range interactions showing good performance in noncovalently interacting systems. [START_REF] Minenkov | The accuracy of DFT-optimized geometries of functional transition metal compounds: A validation study of catalysts for olefin metathesis and other reactions in the homogeneous phase[END_REF][START_REF] Brooks | Semiempirical GGA-type density functional constructed with a long-range dispersion correction[END_REF] Since this approach is time consuming, the calculations for all complexes were carried out with the DFT approach only for monomer, dummy, target molecules and a 1:1 monomer-dummy and 1:1 monomer-target complexes. The suitable functional monomers for the target analytes have been identified based on their binding energy (Figure S1) using the following equation ( 1):

∆E 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = E 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 -(E 𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒 + E 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 ) (1)
where E 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 , E 𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒 , E 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 are the complex, the template (structural analogue or nitro-explosives) and the monomer energies, respectively.

Preparation and characterization of MIP and NIP sensors. The synthesis was performed on gold electrodes according to Weil and coworkers. [START_REF] Stöckle | Precise control of polydopamine film formation by electropolymerization[END_REF] Briefly, the electrodes were first cleaned with piranha solution (H2SO4/H2O2 4:1, v/v) for 20 minutes, then rinsed thoroughly with deionized water and carefully dried with a stream of nitrogen. The electrode was then introduced as working electrode into a low volume electrochemical cell (Metrohm) in a standard three electrode configuration. In a separate vial, a 1 mg mL -1 dopamine (DA) solution was prepared by dissolving DA*HCl in 10 mM phosphate buffer pH 7.4 while quickly purging with nitrogen. For the molecularly imprinted pDA films, the appropriate amount of template was added depending on the set DA/template ratio (i.e. 20:1, 10:1 or 5:1 molar ratio). Once transferred to the reactor, the solution was further purged with nitrogen before polymerization by CV (4, 8 or 15 cycles) between -0.5 V and +0.5 V, at a scan rate of 0.02 V s -1 . The electrode was then removed and extensively washed with deionized water, methanol:aqueous ammonia solution at pH 9 (1:1, v/v), methanol and again deionized water before drying with a stream of nitrogen. Each wash lasted for 1 hour under gentle stirring. Reference, non-imprinted pDA films were synthesized as above except that the template was omitted.

The presence of an insulating layer of pDA on top of the gold electrodes was verified using ferro-ferricyanide as a redox probe (5 mM K4[Fe(CN)6]/K3[Fe(CN)6] in 10 mM phosphate buffer pH 7.4). The pDA thickness was measured by AFM on half-coated electrodes (e.g. half-immersed in the solution during the electropolymerization). Assuming that pDA would just be present on the immersed part of the IDE, the thickness was estimated as the height-difference between the coated and uncoated parts of the electrode.

Electrochemical measurements. Binding studies on MIPs and NIPs (non-imprinted polymers) were performed by immersing the coated electrodes in a solvent mixture based on 50:1 (v/v) 10 mM phosphate buffer pH 7.4/acetonitrile containing the template in concentrations ranging from pM to M. Cyclic voltammograms were recorded in staircase mode at a scan rate of 0.02 V s -1 between -0,8 V and 0.8 V for TNT and -1.2 V and 0.8 V for RDX. TNT and RDX concentrations were varied by sequential additions of concentrated stock solution with a syringe. After each injection, the solution was purged with nitrogen for 30 minutes to ensure an oxygen-free atmosphere and a complete equilibrium before measurement.

Selectivity was estimated via displacement tests using a series of structurally related molecules in order to establish to which extent they could replace TNT or RDX. Trimesic acid (TMA), isophthalic acid (IPA) and 4-nitrophenol (4NP) were used as competitors for TNT (50 nM fixed concentration in phosphate buffer pH 7.4 containing increasing amounts of competitor). The replacement by the competitor was calculated as the decrease of the anodic current of TNT at 0.3 V (vs. Ag/AgCl). In a similar way, the selectivity of RDX was tested using structurally related compounds such as KA, glucose (Glu), and TNT while tracking the oxidation peak at +0.4 V (vs. Ag/AgCl).

RESULTS AND DISCUSSION

In-silico screening of optimal functional monomers for MIP films synthesis. The synthesis of MIPs capable to detect traces of explosives imposes the use of templates which are analogues of the explosives. Therefore, a database with commonly used electropolymerizable monomers for molecular imprinting was first created to screen for the monomer(s) with optimum interaction for both the analogues and the explosives. This database includes dopamine (DA), phenol (P), aminophenylboronate (APB), phenylene diamine (PD), urethane (Ur), furan (Fu), pyrrole (Py), aniline (An) and 3-thiophene acetic acid (TAA). By selecting the functional monomer interacting strongly with the dummy and the target, it is expected to optimize the affinity of the MIP films towards the targeted explosives (TNT and RDX). The calculated binding energies (Table 1) of the 1:1 monomer-dummy and monomer-target complexes in gas phase identified dopamine (Table 1, line 1 highlighted) as the best candidate for the MIP synthesis towards TMA and KA, the structural analogues of TNT and RDX, respectively (Figure 1). DA shows the lowest binding energy meaning that it forms the most stable complex individually with the dummies TMA and KA, and also with the target molecules. Our aim was to find out, in addition to the complementarity in size, shape and functionality, the best compromise in terms of strength of interaction that the functional monomer could have together for the dummy and the target, respectively. Both acidic dummies hold carboxylic functional groups capable to act either as a hydrogen bond (H bond) donor via the hydroxyl hydrogen or as a hydrogen bond acceptor via the lone pair electrons of oxygen atoms. Instead, the H bonds formed with the nitro groups [START_REF] Baitinger | Nitro groups as proton acceptors in hydrogen bonding[END_REF] are weaker than with the carboxylic acids from the dummies and therefore, the calculated interactions energies with the targets are higher indicating the formation of weaker complexes. The same interaction energy trend was obtained in water calculations using a continuous solvation model. [START_REF] Marenich | Self-consistent reaction field model for aqueous and nonaqueous solutions based on accurate polarized partial charges[END_REF] Table 1. Binding energies (in gas phase) of electropolymerizable functional monomers (FM) for the templates TMA and KA, and for the analytes TNT and RDX. Among the minimized structures of the dopamine, dummies and templates, only the lowest energy structure of dopamine is stabilized by one intramolecular OH⋯O hydrogen bond interaction between the two hydroxyls. In agreement with the literature, [START_REF] Dreyer | Perspectives on poly(dopamine)[END_REF][START_REF] Ding | Mussel-inspired polydopamine for bio-surface functionalization[END_REF] the optimized structures of the complexes indicate that DA interacts with the dummies and the targets predominantly via hydrogen bond (H2N⋯HO, OH⋯O=C, HO⋯HOOC, NH2⋯O2N, OH⋯O2N) and - interactions (Figure 1). These intermolecular acceptor-donor distances vary between 1.8 and 2.2 Å and are therefore characteristic of most predominant hydrogen bonding interaction. [START_REF] Grabowski | Hydrogen Bonding -New Insights[END_REF] In solution, these hydrogen bonds may disrupt but additional hydrogen bonds with the solvent could favor the structure stabilization of the dopamine-functional monomer complex. [START_REF] Nagy | Competing intramolecular vs. Intermolecular hydrogen bonds in solution[END_REF] In addition, a strong cooperativity of individual week bonds with the template is expected in the growing polymer network during imprinting, and in the final MIP during sensing. The lowest energy structure of the DA complexes has been further analyzed from the perspective of molecular orbitals by calculating the energies of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). [START_REF] Sajini | Rational design and tailoring of imprinted polymeric enantioselective sensor layered on multiwalled carbon nanotubes for the chiral recognition of d -mandelic acid[END_REF] For example, the energy of the LUMO of TMA-DA complex is 7.49 eV higher than the HOMO energy confirming a reasonably stable electronic structure for the complex. LUMO energies varying between 6.34 and 9.47 eV are obtained for the other complexes. Electrodeposition of dopamine in the presence or absence of dummy template. Despite the fact that dopamine can selfpolymerize in presence of oxygen at pH higher than 7.4, herein we preferred to apply cyclic voltammetry to drive its polymerization. Indeed, conversely to the spontaneous process, it allows targeting specifically the electrode surface and controlling the film thickness while ensuring a smoother and more homogenous coverage. [START_REF] Stöckle | Precise control of polydopamine film formation by electropolymerization[END_REF] All these features represent important advantages when designing a sensor. The targets of this study TNT and RDX are both electroactive species, thanks to their nitro-groups which can be reduced to amines. This feature allowed us to specifically track their presence and measure their concentration by cyclic voltammetry (CV). However, electroactivity may represent a downside if it falls in the potential window required by the electropolymerization of the imprinted matrix. Since this is the case with dopamine, the use of a dummy-imprinting approach based on non-electroactive, structural analogues became necessary. Thus, based on volume calculations (Figure S2), we used TMA and KA as dummies for respectively TNT and RDX.

Binding energy (kcal mol

The next step was the synthesis of an imprinted layer on gold electrodes. Figure 2a shows a typical voltammogram for the electropolymerization of dopamine using 15 cycles. During this process, the distinct oxidation and reduction peaks specific for dopamine can be tracked to follow the progressive film growth by monitoring the current decrease cycle after cycle. This is consistent with the insulating character of pDA as previously reported. [START_REF] Liu | Application of a novel electrosynthesized polydopamine-imprinted film to the capacitive sensing of nicotine[END_REF] In the oxidation cycles, the peak at +0.32 V (vs. Ag/AgCl) indicates the formation of dopamine orthoquinone, which subsequently leads to leukodopaminechrome, an aminechrome upon intramolecular cyclization of the dopamine quinone. In the reduction cycles, a peak at +0.09 V (vs. Ag/AgCl) indicates leukodopaminechrome formation. The aminechrome then oxidizes to dopaminechrome via a two-electron transfer, leading to the appearance of a peak for 5,6-dihydroxindole at -0.15 V (vs. Ag/AgCl) in the second oxidation cycle. Eventually, it undergoes further polymerization leading to a melanin-like polymer layer. A likely reaction pathway and a probable polymer backbone representation were recently proposed by Ding et al. [START_REF] Ding | Mussel-inspired polydopamine for bio-surface functionalization[END_REF] (see Figure 3 A,B).

From the point of view of a selective sensor, achieving a complete coverage of the transduction element is mandatory: indeed, a sensor with only partial coverage on its transducer will suffer from unspecific reading and would then require some surface blocking treatment (e.g. with thiols). To determine the extent of pDA coverage, we measured the signal of a 5 mM ferro/ferricyanide solution in 10 mM phosphate buffer (pH 7.4) used as a redox probe, according to Weil and coworkers. [START_REF] Stöckle | Precise control of polydopamine film formation by electropolymerization[END_REF] As it can be seen in figure 2B, the massive decrease of the specific oxidation/reduction current of the redox probe (e.g. +0.06 V and +0.32 V vs. Ag/AgCl) suggests that the pDA layer obtained upon 15 CV cycles provided a homogenous and full coverage. A reduction of the number of deposition cycles was also tested (i.e. 4 and 8 cycles), to study the effect on the layer thickness. However, a deposition with only 4 cycles was discarded, as the redox probe showed a current intensity similar to that of a bare electrode, thus suggesting an only partial pDA coverage. On the other hand, 8 cycles showed a successful signal blockage consistent with a full coverage. [START_REF] Liu | Application of a novel electrosynthesized polydopamine-imprinted film to the capacitive sensing of nicotine[END_REF] SEM images were also consistent with a full coverage after 8 and 15 cycles, and with an only partial coverage after 4 cycles (Figure S3). One of the advantages of using electropolymerization lies on the possibility of tuning the polymer thickness based on the number of deposition cycles. Thus, we used AFM to probe the pDA thickness on half coated electrodes. By only half-immersing the electrodes in the prepolymerization solution, and by measuring the height difference between the coated and uncoated part of the electrode, we estimated a thickness of 4 and 10 nm respectively after 8 and 15 cycles. Thickness and roughness of our films were both consistent with literature data. [START_REF] Stöckle | Precise control of polydopamine film formation by electropolymerization[END_REF] In particular, the surface roughness was clearly different before and after polymerization for all the samples. Representative AFM images of a bare and a coated surface can be seen in Figure 4.

Beyond the number of cycles, another important parameter which may affect the polymer coverage and/or thickness could be the ratio between the functional monomer and the template (i.e. DA/template). The ratios that we explored were 20, 10 and 5. Lower ratios were not used to ensure a sufficient rigidity of the MIP network formed. Finally, 15 deposition cycles with a DA:template ratio of 10 yielded the best results, and afforded both NIP and MIP films of 10 nm thickness, together with reproducible sensing results.

The stability of these layers upon washing was also tested. Several conditions were investigated to find a good washing protocol, which finally led to deionized water, methanol:aqueous ammonia, pH 9 (1:1, v/v), methanol and again deionized water, each step for 1h.

After washing, increased anodic and cathodic currents were measured for the redox probe only for the MIP, whereas the NIP showed no detectable changes thus confirming the formation of cavities in the MIP matrix.

Binding studies. To test the synthesized MIP films for the binding of their targets, we tracked the specific TNT and RDX peaks related to the reduction of their nitro groups to first hydroxylamines, then to amines (e.g. Figure 3B). [START_REF] Caygill | Disposable screen-printed sensors for the electrochemical detection of TNT and DNT[END_REF][START_REF] Üzer | Determination of nitroaromatic and nitramine type energetic materials in synthetic and real mixtures by cyclic voltammetry[END_REF] As it can be seen in Figure 5, the potential sweep generated a current only for the MIP-sensor, whereas the NIP-sensor is completely silent. Measuring the current over a range of concentrations yielded the graphs in Figure 5 (A,C). The imprinted layers yield a typical saturation-type binding isotherm indicating affinity for their targets. Tracking the TNT reduction peak around -0.72 V (vs. Ag/AgCl) (see Figure S4) allowed to measure a dissociation constant (Kapp) of 33 nM (i.e. low affinity binding sites), whereas the oxidation peak at 0.3 V (vs. Ag/AgCl) (see Figure 5) appeared to be more suited for low concentrations and allowed to determine a dissociation constant (Kapp) of 0.4 nM (i.e. high affinity binding sites). It will therefore be necessary to switch between these two peaks depending on the sample's concentration. Overall, these results indicate an improved sensitivity over a bare electrode of at least 10 5 for both TNT and RDX (Figure S5). Figure 5 (B,D) also shows that both imprinted films for TNT and RDX generate a linear current over a dynamic range from 0.1 nM to 10 nM, which makes them suitable for quantification. More specifically, we measured a linear range for TNT between 50 pM and 16 nM, whereas that of RDX spanned from 100 pM to 11 nM

The limit of detection (LOD) for TNT was 50 pM, while that of RDX was 100 pM. On the other hand, sensitivity was obtained as 0.20 µA/log(pM) for TNT and 0.05 µA/log(pM) for RDX. Once the binding properties for TNT were characterized, selectivity studies were conducted using a series of structurally related yet electro-inactive molecules (in the used potential window), in order to establish to which extent they could replace TNT in the binding sites. Thus, increasing concentrations of respectively TMA, IPA and 4NP (Table 2) were incubated with a fixed concentration of TNT and the decrease of TNT peak current was used to established the degree of displacement by the competitor. TMA is the dummy template used for the imprinting, while IPA and 4NP are both smaller than TNT and can therefore access the binding sites. The data in Table 2 were obtained by tracking the anodic current of TNT at 0.3 V (vs. Ag/AgCl) incubated with an increasing amount of competitors and calculated as percentage of the target still bound. These tests performed with 50 nM TNT solutions in phosphate buffer pH 7.4 showed that TMA-imprinted pDA binds TNT very well, more strongly than the template TMA, since more than a tenfold excess is needed for partially displacing TNT. Interestingly, IPA also showed some affinity, whereas 4NP provided the lowest effect. Thus, TMA-imprinted pDA are really selective for TNT.

Films imprinted with Kemp's triacid for RDX sensing were also synthesized and characterized following the same rationale. The results obtained upon tracking the binding via the oxidation peak at 0.4 V (vs. Ag/AgCl) showed that the MIP can detect the presence of RDX down to the pM range, with a dissociation constant of 0.06 nM, while the NIP is once again virtually insensitive to it (Figure 5C). For higher concentrations, the cathodic current measured at -1.04 V (vs. Ag/AgCl) showed to be more effective, as already noticed for TNT.

We also tested the RDX selectivity by displacement tests (Table 2) using structurally related compounds, such as Kemp's acid and glucose. In the case of glucose, the higher affinity compared to TMA may be due to its smaller size and to its equilibrium between open and closed structure, which operates in water at any pH and allows it to easily fit into the biding sites. Interestingly, when using KA-imprinted pDA to bind TNT (Figure S6), a much higher dissociation constant was obtained (i.e. 3.5 nM vs. 0.06 nM), indicating that KA is a poor template dummy for TNT, conversely to TMA. This also justifies the rational choice of the target analogues as templates for the different explosives. In the perspective of using these MIP sensors for measuring either TNT or RDX concentration, their binding data were converted into a semi logarithmic scale (Figure 5C, D), which resulted in linear calibration curves able to cover a concentration range extending for more than two orders of magnitude. 

CONCLUSIONS

In this paper a rational approach for sensing TNT and RDX using electropolymerized imprinted polydopamine films is proposed, as well as the optimization and characterization of such prepared films. This approach is well suited especially for lab-on-a-chip designs and sensor arrays as the polymer deposition can be locally confined on a targeted electrode in the case of a chip. Our strategy relies on in silico screening of an electropolymerizable functional monomer capable to find the best candidate displaying high affinity for both the dummy molecule and the actual target. Hence, based density functional theory calculations with the ωB97X-D/6-31G* basis set, dopamine was identified as the best functional monomer and its electropolymerization with trimesic acid or Kemp's acid as dummy templates for respectively TNT and RDX was easily achieved by cyclic voltammetry. The homogeneous films thus obtained show high affinity for their targets, conversely to non-imprinted reference films. Also, these films allowed sensing TNT and RDX in the pM range, which is at least five orders of magnitude lower than the sensitivity reached on a bare electrode.

Interestingly, these films also displayed selectivity over structurally related analogues, as demonstrated by testing the binding of TNT in the presence of structural analogues such as trimesic acid, isophthalic acid, 4-nitrophenol, and the binding of RDX in the presence of Kemp's acid and glucose. Additionally, TNT binding to a KA-imprinted pDA film was studied, showing again less affinity than the target RDX.

The cyclic voltammetry approach presented here allows to simultaneously monitor and discriminate the different nitro-explosives via their specific redox peaks, which is an additional advantage in the perspective of analyzing an unknown sample. Overall, these results confirm the high potential of dopamine also as an electropolymerizable monomer for MIP films on electrodes, for sensing hazardous materials.
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Figure 1 :

 1 Figure 1: Spartan energy optimized structures in the wB97X-D/6-31G* basis set (gas phase) for dopamine in complex with TMA (A), TNT (B), KA (C) and RDX (D), respectively. Hydrogen bonds are indicated by dotted lines. CPK coloring was used for the representation of the atoms (white for H, grey for C, blue for N and red for O).

Figure 2 :

 2 Figure 2: Typical CV profiles for the electropolymerization of a non-imprinted pDA film in phosphate buffer pH 7.4 using up to 15 cycles. A colour code is used to distinguish the CV profiles as function of the number of cycles. (B) Signal blockage of 5 mM ferro/ferricyanide solution upon electropolymerized pDA film on a gold electrode (red) compared with a cyclic voltammogram on a bare electrode (black).

Figure 3 :

 3 Figure 3: Reaction mechanism leading to the polymerization of dopamine pDA (A) and possible backbone structures as proposed by Ding and coworkers (B).[30] Details of potential interactions of pDA with TMA (C). TNT reduction to triamino toluene (D). Structures of the molecules used for the cross selectivity test of TNT (E): 2,4,6-trinitro-toluene (TNT), trimesic acid (TMA), isophthalic acid (IPA) and 4-nitrophenol (4NP), and Research Department eXplosive (RDX) (F): Kemp's triacid (KA) and glucose (Glu).

Figure 5 :

 5 Figure 5: AFM profiles (A, B) and SEM images (C, D) of IDEAU5 coated with p(DA) using 15 cycles. (A) and (C) correspond to the bare electrode whereas (B) and (D) correspond to the imprinted polymer film.

Figure 4 :

 4 Figure 4: Binding (A,C) and calibration (B, D) curves of TNT (A, B) and RDX (C, D) in phosphate buffer, pH 7.4 by CV obtained as the average of measurements of three different electrodes. (A) TNT binding to the TMAimprinted (black) and non-imprinted (red) pDA films as a function of TNT concentration at 0.3 V vs. Ag/AgCl. (B) TNT calibration curve on TMA imprinted pDA films and the corresponding trend line (y = 0.20log(x) + 0.88; R 2 = 0.95). (C) RDX binding to KA-imprinted (black) and non-imprinted(red) p(DA) films as a function of RDX concentration at 0.4 V vs. Ag/AgCl. (D) RDX calibration curve on KA imprinted pDA films and the corresponding trend line (y = 0.05log(x) + 0.45; R 2 = 0.93).

Table 2 . Competitive measurements of TNT and RDX incubated with increasing amounts of competitors.

 2 

	# molar equivalent		Bound TNT (%)		Bound RDX (%)
		TMA	IPA	4NP	KA	Glu
	0	100	100	100	100	100
	1	98.2 ± 0.6	98.5 ± 0.9	99.3 ± 0.6	99.3 ± 0.9	95.6 ± 0.6
	2	97.3 ± 1.0	77.3 ± 1.5	94.9 ± 1.0	98.2 ± 1.9	85.4 ± 1.1
	10	94.1 ± 0.9	74.2 ± 1.3	93.6 ± 1.6	96.9 ± 2.1	84.9 ± 0.9
	20	43.0 ± 2.0	46.1 ± 3.4	86.0 ± 2.6	91.4 ± 3.4	68 ± 2.6
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