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Films based on catechols find interesting applications for the protection and active functionalization of surfaces. But in the absence of amine functionalities even if catechols undergo oxidation in solution, almost no material deposition is observed on surfaces. In this investigation we add an enzyme, alkaline phosphatase, as a source of amino groups, to deposit in a one pot process composite films made of the simplest catechol containing molecule, and an active enzyme. We demonstrate indirectly that only the upper part of the film, close to the film/solution interface, is enzymatically active. But this apparent drawback is compensated by the finding that a conformal and active film is obtained after about 1 h of deposition from the pyrocatechol + enzyme blend in the presence of 10 mM NaIO 4 as the oxidant. We also illustrate the versatility of this one pot coating method on the surface of Teflon.

1.Introduction

The functionalization of the surfaces of materials is a major concern in the whole history of technology mainly for the preservation of the coated materials (corrosion, preservation of wood) for aesthetic reasons and also to modify the surface properties of the material (promoting adhesion, biocompatibility). Even before the time of rational comprehension of phenomena occurring at interfaces, coatings based on polyphenols like urushiol were developed in China 5000 years ago and allowed to preserve the glance of ceramics made that time up to today [START_REF] Kamanotani | Urushi (oriental lacquers)-a natural aesthetic durable and future promising coating[END_REF]. After a time during which surface functionalization oriented research aimed to develop specific coatings [START_REF] Bain | Formation of monolayer films by the spontaneous assembly of organic thiols from solution onto gold[END_REF][START_REF] Sagiv | Organized monolayers by adsorption. 1. Formation and structure of oleophobic mixed monolayers on solid surfaces[END_REF] allowing fine control of film thickness, with a sub-monolayer control but at the prize of surface specificity, interest is now focusing on molecules like polyphenols [START_REF] Ejima | One-step assembly of coordination complexes for versatile film and particle engineering[END_REF][START_REF] Sileika | Colorless multifunctional coatings inspired by polyphenols found in tea, chocolate, and wine[END_REF] catecholamines, molecules having played a potential role in prebiotic chemistry [START_REF] Thissen | Prebiotic-chemistry inspired polymer coatings for biomedical and material science applications[END_REF][START_REF] Toh | Deposition of aminomalonitrile based films: kinetics, chemistry, and morphology[END_REF] to develop versatile and multifunctional coatings at the expense of a lower precision in the film thickness control but with the advantage of using water as the exclusive solvent and bio-inspiration based on rational unravelling of mechanisms developed by living organisms. For instance, the now very popular "polydopamine" based films -adhering on the surface of all known classes of materials-have been developed after having understood that the strong under water adhesion of mussels to stones, wood, polymers…is due to a family of proteins rich in L-DOPA (3,4dihydroxyphenylanaline) and in L-Lysine [START_REF] Lee | Mussel inspired adhesives and coatings[END_REF]. Dopamine, also containing a catechol group (like L-DOPA) and a primary amine (like in L-lysine), appeared then as a natural candidate for universal coatings and it was shown that this molecule allows to coat an incredibly large repertoire of materials [START_REF] Lee | Mussel-inspired surface chemistry for multifunctional coatings[END_REF] with a conformal coating. Additionally, the obtained films can be functionalyzed almost at will [START_REF] Lee | Facile Conjugation of biomolecules onto surfaces via mussel adhesive protein inspired coatings[END_REF][START_REF] Ham | Facile DNA Immobilization of surfaces trough a catecholamine polymer[END_REF][START_REF] Hu | Modification of carbon nanotubes with a nanothin polydopamine layer and polydimethylamino-ethylmethacrylate brushes[END_REF]. Concerning the mechanisms leading to such films from dopamine in oxidizing conditions no definitive answer concerning the polymeric [START_REF] Liebscher | Structure of polydopamine a never-ending story?[END_REF][START_REF] Delparastan | Direct evidence for the polymeric nature of polydopamine[END_REF] or the supramolecular nature [START_REF] Alfieri | Structural basis of polydopamine film formation: probing 5,6 dihydroxyindole-based eumelanin type units and the porphyrin issue[END_REF] of the obtained material is available. However, it was demonstrated that amines play a central role: dopamine's amine free analog, caffeic acid, undergoes oxidation in solution to form a black precipitate but there is no film deposition on surfaces in the presence of oxidants [START_REF] Iacomino | Multifunctional thin films and coatings from caffeic acid and a cross-linking diamine[END_REF]. But in the presence of hexamethylenediamine (HMD) a conformal coatings forms from caffeic acid solutions at solid liquid interfaces [START_REF] Iacomino | Multifunctional thin films and coatings from caffeic acid and a cross-linking diamine[END_REF][START_REF] Yang | A biocompatible and functional adhesive amine-rich coating based on dopamine polymerization[END_REF]. In a similar way, HMD contributes to the film deposition from dopamine solutions [START_REF] Alfieri | Hexamethylenediamine-mediated polydopamine film deposition: inhibition by resorcinol as a strategy for mapping quinone targeting mechanisms[END_REF].

Tris buffer, which is often used as the buffering agent for the deposition of polydopamine films also modifies the deposition of the films and their properties [START_REF] Della Vecchia | Tris buffer modulates polydopamine growth, aggregation and paramagnetic properties[END_REF]. Since small catechols do not spontaneously form films in the presence of oxidants but in the presence of oxidants and diamines and since it is also known that one of the major functions of catechols, catecholamines [START_REF] Liu | Chemistry of periodate-mediated cross-linking of 3,4dihydroxyphenylalanine-containing molecules to proteins[END_REF][START_REF] Wakamatsu | The oxidative pathway to dopamine-protein conjugates and their pro-oxidant activities ; implications for the neurodegeneration of Parkinson's disease[END_REF] and polyphenols [START_REF] Rohn | Possibities and limitations in the analysis of covalent interactions between phenolic compoudns and proteins[END_REF] is to interact with proteins leading to covalent bonds in the presence of oxidants, we aim herein to try to deposit catechol@protein conjugate films at solid-liquid interfaces in a one pot reaction to obtain conformal and functional films.

The chosen catechol was benzene-1,2-diol (pyrocatechol) which is the most simple catechol whereas the chosen model protein was alkaline phosphatase which enzymatic activity is easy to measure even in the adsorbed state [START_REF] Longo | Stable bioactive enzyme-containing multilayer films based on covalent crosslinking from musselinspired adhesives[END_REF]. The experiments were performed with pyrocatechol solutions (as a control) and with pyrocatechol+Alp blends at pH = 5.0 in the absence of additional oxidant, conditions at which the auto-oxidation of pyrocatechol is a very slow process. The oxidation was then triggered by the addition of sodium periodate at a constant concentration of 10 mM.

2.Materials and Methods

Chemicals

All the solutions were prepared from double distilled and demineralized water (Millipore, Molsheim) with a resistivity of 18.2 M.cm. T-1503) were dissolved at 50 mM and the pH of these solutions was adjusted to 5.0 and 8.5 respectively with concentrated hydrochloric acid.

Film preparation

Fresh pyrocatechol solutions or pyrocatechol+Alp blends were prepared shortly before each experiment to minimize the influence of the oxidation of pyrocatechol. The pyrocatechol and enzyme concentration were constant and equal to 1 mg.mL -1 in the pyrocatechol + Alp blends. This corresponds to 9.1 x 10 -3 and 10 -5 mol.L -1 for pyrocatechol and Alp respectively. All these compounds were dissolved in 50 mM sodium acetate buffer with a pH adjusted to 5.0 with concentrated hydrochloric acid.

The occurrence of film deposition was investigated in three situations:

1.

Pyrocatechol oxidized in the presence of NaIO 4 at a final concentration equal to 10 mM.

2.

Pyrocatechol + Alp blends in the presence of NaIO 4 at a final concentration equal to 10 mM.

3.

Pyrocatechol + Alp blends but in the absence of NaIO 4 .

The freshly cleaned adsorption substrates were immersed in one of the above cited solutions for a given duration, before rinse with sodium acetate buffer and distilled water. In the case of characterization by UV-vis spectroscopy, the quartz slides were dried with a stream of filtered air before the measurement.

Adsorption substrates

The films were deposited on quartz (Thuet, Blodelsheim, France) and glass slides (76 x 26 mm, Knittel Glass, Germany) for UV-vis characterization and evaluation of their enzymatic activity respectively. The films deposited on glass slides were also used for characterization (Escil, Villeurbane, France) 1.0 and 0.1 µm in diameter. Finally, the quality of these cleaning steps were tested by performing a cyclic voltammetry scan between -0.6 and +1.0 V versus the reference electrode in the presence of 1mM potassium hexacyanoferrate at a potential sweep rate of 100 mV.s -1 . The surface state of the amorphous carbon electrode was considered as satisfactory when the oxidation and reduction peak potentials were separated by less than 80 mV, the theoretical peak separation for a one electron process being 59 mV at 25°C [START_REF] Kissinger | Cyclic voltammetry[END_REF]. Additional film deposition experiments were performed on a Teflon plate (Goodfellow) previously cleaned with ethanol and blown dry with filtered air before contact with the pyrocatechol + alkaline phosphatase + NaIO 4 mixture. Film deposition was performed for 3 h. in this case. These experiments were performed to demonstrate the versatility of the proposed coating method.

Film characterization

The UV spectra of the films deposited on quartz slides were measured with a double beam mc² spectrophotometer (Safas, Monaco) using a cleaned quartz slide as the reference.

The electrochemical activity of the pyrocatechol+Alp films as well as their permeability with respect to potassium hexacynoferrate (1mM in the presence of sodium acetate buffer) was Atomic force microscopy was performed with a commercial instrument Catalyst AFM microscope (Brucker Inc, Santa Barbara USA). The images were acquired with a ROI of 20µm x 20µm, a resolution of 512 x 512 and a scan rate of 1Hz. The AFM acquisition mode was contact mode in liquid phase, using a Scanasist-Fluid cantilever with a typical spring constant of 0.7 N.m -1 . The nominal film thickness was determined from the height difference between a needle scratched area and none scratched area of the film, the measurement being repeated three times. The surface roughness (Ra) was calculated using a freeware software, Gwyddion, dedicated to SPM microscopy analysis.

The static contact angle of water droplets (5 µL) was measured with an Attension Theta goniometer (Biolin Scientific, Vastra Frolunda, Sweden). The given values correspond to the average (± one standard deviation) over three measurements performed on regularly spaced locations along the major axis of the coated glass plates.

Enzymatic activity of the films.

All kinds of produced coatings, including those on Teflon (after 3h of film deposition)

were tested for the enzymatic activity of Alp. To that aim, the freshly prepared films were immersed in a PNPp solution diluted 20 fold with respect to the commercial solution in 50 mM Tris buffer at pH = 8.5. The contact between the films and the PNPp solution was allowed for 15 min before slide removal and measurement of the absorbance at =405 nm using the PNPp solution non put in contact with the films as a reference to take the spontaneous hydrolysis of PNPp into account.

Results and Discussion

Film deposition

In the absence of alkaline phosphatase, pyrocatechol in oxidizing conditions does not allow to produce a coating of significant thickness even if some aromatic species remain adsorbed on the quartz slide (black solid line in Fig. 1A). When pyrocatechol is mixed with Alp but in the absence of NaIO 4 , a film is deposited reflecting essentially the presence of pyrocatechol (green solid line in Fig. 1A) which is the major constituent of the pyrocatechol + ALP blend. The film deposition from amine containing enzymes and pyrocatechol blends depends on the molar ratio between the enzyme and pyrocatechol. The optimal ratio should clearly be enzyme dependent. It is not the aim of this investigation to find the optimal ratio. In the case of alkaline phosphatase, when the pyrocatechol concentration was of 1mg.mL -1 , hence 9.1 x 10 -3 mol.L -1 , no significant effect of the enzyme on film deposition was noted below 0.1 mg.mL -1 in enzyme. Hence we performed all our deposition experiments at 1 mg.mL -1 hence about 10 -5 mol.L -1 in enzyme. Pyrocatechol without enzyme and without oxidant does not adsorb to the quartz plates in significant manner (data not shown). This probably means that the spectra measured after contact with the pyrocatechol + Alp blend originates from the adsorption of Alp carrying complexed pyrocatechol. In the case where a pyrocatechol + Alp blend is put in contact with a quartz slide in oxidizing conditions, the UVvis spectrum of the coating becomes more intense upon increasing the contact time between the blend and the substrate (blue and purple solid lines in Fig. 1A). The absorbance values at =260 nm obtained for the quartz slides put in the presence of pyrocatechol + NaIO 4 (black disks), the pyrocatechol + Alp blends without (green losanges) and with (blue disks) NaIO 4 as a function of the contact time are shown in Fig. 1B. It appears that the absorbance, due to film deposition, increases with time to reach a constant value after about 1-5 h in the case where pyrocatechol; the enzyme and the oxidant are simultaneously present in the blend. The very weak film deposition, if any, when oxidized pyrocatechol is put in contact with a solid substrate in the absence of other additives is consistent with the finding made with caffeic acid [START_REF] Iacomino | Multifunctional thin films and coatings from caffeic acid and a cross-linking diamine[END_REF]. However, when hexamethylenediamine is added in a solution of caffeic acid, coatings displaying UV-vis spectra and chemical composition close to that of eumelanin are obtained in oxidizing conditions [START_REF] Iacomino | Multifunctional thin films and coatings from caffeic acid and a cross-linking diamine[END_REF]. The major peak concerning the spectra of the enzyme (green line in Fig. 1A) is located at 280 nm and corresponds to the absorption of the tyrosine and phenylalanine residues, whereas the maximal absorption of pyrocatechol occurs at 220nm. Note that the spectra of the films obtained from the pyrocatechol + ALP blends display a shoulder at about 260 nm and are markedly different from the spectra of the constituting molecules." The effect of NaIO 4 on the pyrocatechol + Alp blends is also clearly apparent in solution, the presence of the oxidant producing a black-brown coloration a few minutes after its addition and a marked spectral change of the blend (Fig. 2). These spectral changes evolve rapidly with time, showing that the oxidation of pyrocatechol in the presence of alkaline phosphatase is a pretty fast process (data not shown). 

Film characterization

The coatings obtained from the pyrocatechol + Alp blends in the presence of NaIO 4 have been characterized from a morphological point of view by means of Atomic Force microscopy (Fig. 3). The roughness and thickness of the pyrocatechol+ALP based films have been determined by the same means (Fig. 3) and the results are gathered in Table 1. Even if the roughness is high compared to the film thickness, it has to be noted that those pyrocatechol+Alp based coatings are conformal films as shown by means of cyclic voltammetry, because they become impermeable to the redox probe, potassium hexacyanoferrate, after only one hour of deposition (Fig. 4A). In addition the electrochemical impedance of those films is markedly increased with respect to that of the pristine electrode (Fig. 4B). The water contact angles of the pyrocatechol + Alp based coatings produced in the presence of 10 mM NaIO 4 were found to correspond to hydrophilic coatings, (50 ± 8)°, almost independently of the deposition time (Fig. 5).The finding that the water contact angles does not change after 1h of deposition is not in contradiction with the fact that the film deposition is achieved within 1 h as confirmed by AFM (Table 1). The presence of the enzyme in those coatings was confirmed by putting them in the presence of a diluted PNPp solution, as a substrate of alkaline phosphatase. The very thin films obtained in the absence of Alp do not allow PNPp to be hydrolyzed in the yellow colored PNP (Fig. 6A), however a strong yellow coloration is measured when the coating is made from the pyrocatechol + Alp blends (in the presence of 10 mM NaIO 4 ) after only a few minutes of hydrolysis (Fig. 6A). The analysis of the films' enzymatic activity was restricted to 15 min of contact between the 20 fold diluted PNPp solution and the films obtained after different deposition times. Some enzymatic activity is found for all the films produced after different deposition times, with a slight decrease for longer film deposition durations (Fig. 6B).

It
Surprisingly, the activity measured on the films made in the presence of NaIO 4 are very close to the activity obtained on substrates put in contact with pyrocatechol + Alp blends in the absence of oxidant. In this later case, the film deposition is much less pronounced than in the presence of the oxidant (Fig. 1B). Hence comparison between Fig. 1B and Fig. 6B strongly suggests that the films obtained from the pyrocatechol + Alp blends in oxidizing conditions are enzymatically active but since the activity is the same than on very thin films produced in the absence of enzyme, we make the assumption that only the enzyme present in the close vicinity of the film-solution interface is active. This assumption is strongly coroborated when considering the evolution of the absorbance ratio at =405 nm (enzymatic activity) and at 260 nm (due to the film deposition) as a function of the absorbance at 260 nm (Fig. 6C). This plot shows that the relative enzymatic activity scaled by the amount of optically active material decreases, linearly, when the film's absorbance at =260 nm and hence the film thickness increases. On the other hand, when considering the deposits made in the absence of NaIO 4 , the enzymatic activity stays constant without any change in the film absorbance and hence its thickness (Fig. 6C). The practical consequence of those findings is that short deposition times from pyrocatechol + Alp blends, typically 1h, are sufficient to obtain a conformal coating (Fig. 4A shows that the film becomes impermeable to the used redox probe) displaying already the optimal enzymatic activity. () at 10mM. The full line corresponds to a linear fit to the fata and the dotted lines correspond to the limits of the 95 % confidence interval.

Additionally, we did first attempts to evaluate the enzymatic stability of the pyrocatechol + Alp films deposited on glass slides after 3 h of contact with the blend in the presence of 10 mM NaIO 4 . We found that the relative enzymatic activity declined from 100 % (immediately after film deposition) to about 18 % at day 4 (Fig. 7). Those Alp containing films appear less stable, from the point of view of their enzymatic activity than films made in a layer-by-layer deposition manner from alginate modified with catechol (Alg-Cat) groups and Alp in which NaI0 4 was used as an oxidant and a cross-linker [START_REF] Longo | Stable bioactive enzyme-containing multilayer films based on covalent cross-linking from musselinspired adhesives[END_REF]. We make the assumption that the Alg-Cat polymer stabilizes the Alp containing films owing to its polymeric nature in contrast to monomeric pyrocatechol. In the case of pyrocatechol+Alp blends we suspect some progressive desorption of pyrocatechol + Alp aggregates from the film. In the future, we may envision to add some capping layers on top of the pyrocatechol + Alp films to improve their stability without reducing the diffusion of the enzymatic substrate to the underlying enzyme. 

Versatility of the coating method

To illustrate the versatility of this one pot coating method with respect to the nature of the substrate, we also put a Teflon plate in contact with a pyrocatechol + Alp blend (with 10 mM NaIO 4 as the oxidant) during 3h. After rinse with sodium acetate buffer and distilled water, the part of the Teflon plate covered with the reactive blend appeared brownish and its wettability changed qualitatively with respect to the uncoated part of the Teflon plate (digital pictures in Fig. 8). In addition this coating displayed the enzymatic activity expected for the pyrocatechol + Alp based films (spectrum in Fig. 8). Since Teflon is known as an antiadhesive coating, even if catecholamine based coatings form on it [START_REF] Lee | Mussel-inspired surface chemistry for multifunctional coatings[END_REF], our method can be extended to a vast repertoire of materials 

Conclusions

In the presence of alkaline phosphatase, as a protein containing free amino groups, the oxidation of pyrocatechol with NaIO 4 leads to conformal coatings containing both the enzyme and the oxidized pyrocatechol. In the absence of enzyme, the film deposition is almost undectable whereas in the presence of pyrocatechol and the enzyme but without oxidant, a thin film not evolving with time is deposited. These later films most probably consist of adsorbed enzyme decorated with pyrocatechol and display a constant enzymatic activity reflecting a constant amount of functional enzyme whereas the activity of the pyrocatechol + Alp films produced with NaIO 4 slightly decreases with the deposition time and hence the film growth process. This suggests that only the enzyme close to the film/solution interface is active or accessible to its substrate. This drawback is largely compensated by the formation of a conformal coating in about 1h, as seen from the cyclic voltammetry experiments in qualitative agreement with the AFM data. This investigation offers the opportunity to produce cheap composite and active films strongly adhering to a vast repertoire of substrates, including Teflon as demonstrated in this study. The nest step of this project is to generalize those findings to enzymes playing strong role in biosensing, like glucose oxidase, peroxydases, etc.

  measured by cyclic voltammetry (CV) in a three electrode configuration using an Ag/AgCl (ref. CHI 111, CHInstruments) and a platinum wire (ref. CHI 115, CHInstruments) as the reference and auxiliary electrodes respectively.

Fig. 1 :

 1 Fig. 1: A: Representative absorption spectra of quartz slides put in a pyrocatechol solutions (1 mg.mL -1 in 50 mM sodium acetate buffer at pH = 8.0) in the absence ( _____ ) or in the

Fig. 2 :

 2 Fig. 2: UV-vis spectrum of the pyrocathecol + Alp blend 21 h after its preparation in the absence ( ____ ) and in the presence ( ____ ) of 10 mM NaIO 4 .

Fig 3 :

 3 Fig 3: AFM surface topographies of films produced from pyrocatechol + alkaline phosphatase mixtures (both at 1 mg.mL -1 in the presence of 50 mM sodium acetate buffer at pH = 5.0)

Figure 4 :

 4 Figure 4: A : Capacitive CV curves of the polished electrode (----), of the electrode put in

Figure 5 :

 5 Figure 5: Water contact angles of pyrocatechol +Alp containing films (on quartz slides)

Figure 6 :

 6 Figure 6: A: UV-vis spectrum of a paranitrophenyl phosphate (PNPp) solution put in the presence of a pyrocatechol + Alp ( ____ ) and pyrocatechol based film ( ____ ) after 4 h of

Figure 7 :

 7 Figure 7: Evolution of the enzymatic activity (hydrolysis of PNPp) of a pyrocatechol + Alp

Figure 8 :

 8 Figure 8: Deposition of a pyrocatechol+Alp film on a Teflon plate. The deposition was

  

  The used chemicals, pyrocatechol (ref. C9510, molar mass: 110.04 g.mol -1 ), sodium periodate (NaIO 4 , ref. 311448), potassium hexacyanoferrate trihydrate (K 4 Fe(CN) 6 , 3 H 2 O, ref. P.9387),

	para-nitrophenylphosphate (PNPp, ref. N7563) and alkaline phosphatase from bovine
	intestinal mucosa (ref. P7640, Mw10 5 g.mol -1 ) were all purchased from Sigma Aldrich and
	used without purification. Sodium acetate (anhydrous, ref. W302406) and
	Tris(hydroxymethyl)aminomethane (ref.

Table 1 :

 1 appears that the films are pretty rough and the nominal thickness reaches a steady state around 20 nm after 1 h of deposition. Since both the AFM and UV-vis measurements are reproducible within 20%, both experimental methods allow to argue that the deposition process of films from pyrocatechol+Alp blends is achieved in about 1-5h. Unfortunately, Root mean squared roughness and average film thickness of the pyrocatechol+Alp films produced in the presence of 10 mM NaIO 4 .

		1h of deposition	5h of deposition	22h of deposition
	Roughness (nm)	12.5 ± 2.5	13.2 ± 3.0	15.2 ± 3.4
	Thickness  one	21.3 	22.6  4.0	21.6  4.6
	standard deviation			
	(nm)			

because of slide handling-rinsing conditions, leading to an uncertainty of about 5min, it was extremely difficult to characterize film deposition for durations shorter than 1h and hence to precisely measure the first steps of the film deposition kinetics.