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In 2007, polydopamine (PDA) films were shown to be formed spontaneously on the surface of all known classes of materials by simply dipping those substrates in an aerated dopamine solution at pH = 8.5 in the presence of Tris(hydroxymethyl) amino methane buffer. This universal deposition method raised a burst of interest in surface science, owing not only to the universality of this water based one pot deposition method but also to the ease of secondary modifications. Since then, PDA films and particles were shown to have applications in energy conversion, water remediation systems and last but not least in bioscience. The deposition of PDA films from aerated dopamine solutions is however a slow and inefficient process at ambient temperature with most of the formed material being lost as a precipitate. This incited to explore the possibility to get PDA and related films based on other catecholamines, using other oxidants than dissolved oxygen and other deposition methods. Those alternatives to get PDA and related films are reviewed and compared in this article. It will appear that many more investigations are required to get better insights in the relationships between the preparation method of PDA and the properties of the obtained coatings.

1.Introduction

The functionalization of the surface of materials is as old as the history of technology. Indeed, the coating of the surface of Chinese potteries produced more than 5000 years ago remains still intact [1,2]. This shows the efficient use of empirical coating technologies. Only in the time of modern technology, did the functionalization of materials for protective or esthetic reasons rely on the knowledge of the surface chemistry of those materials. Hence specific coating chemistries were developed: thiol based self-assembled monolayers for the functionalization of noble metals [3], silane or chlorosilane based chemistry for oxides [4], polyelectrolyte adsorption on charged metal oxides [5], grafting from methodologies and surface initiated polymerization techniques [6]. These coating methodologies, despite their efficiency on dedicated substrates often require tedious experimental protocols, long preparation times and the use of organic solvents. Based on bioinspiration from the strong adhesion of mussels in a wet environment on the surface of stones and wood [7,8], the chemistry of catechol amines was used to develop versatile coatings and constituted a new paradigm in surface science. The obtained coatings and those obtained from other catecholamines in the presence of (mainly) oxygen were since called "polydopamine" based films [9].

A few years later, relying on the understanding of film deposition on the surface of tea cups or wine glasses, the adsorption of polyphenols on surfaces also appeared as a possible universal coating technology [10,11] as well as the coordination between metal cations like Fe 3+ and tannic acid [12]. The polymerization of aminomalononitrile at pH values above 8 allows also deposition of coatings on a large repertoire of materials, including oxides, metals and polymers [13,14]. The common aspects of all these versatile film deposition methods have been reviewed elsewhere [15]. However, despite the fascinating aspects of deposition from polyphenols or aminomalonitrile, the field of polydopamine (PDA) coatings will be the focus of this review article, not only because of the high number of application fields, already intensively reviewed [16][17][18][19], but essentially in order to show the high diversity of PDA preparation methods (Scheme 1). Scheme 1. Summary of different methods used for the coating of surfaces with PDA.

Such methods emerged progressively over the last 10 years but were totally obscured when compared to the initiallyproposed 02 oxidation method in solution" [9] and were not yet compared. Even in 2022, most of the application papers of PDA coatings and PDA based nanomaterials use the reproducible preparation method described originally by the Messersmith group [9]. Herein, we will shortly describe the actual and controversial knowledge of the structure of PDA (section 2) and focus the main body of the review article to describe the deposition of PDA films from catecholamines. The deposition methods from different catecholamines or related molecules and on the use of a broad repertoire of oxidants will be reviewed in section 3. Section 4 will be devoted to PDA films deposited from solution but at the water/air interface. In sections 5, 6 and 7 the unknown but interesting solid phase deposition, the deposition methods using electrochemical methods and spray deposition methods will be reviewed, respectively. In section 8, we will go beyond the paradigm that PDA deposition is substrate independent and even describe and example where PDA deposition does not occur.

Finally, the last section will summarize all those findings concerning the characterization of PDA films in the form of twoTables. In the conclusion, some suggestions will be given to initiate more research aimed at improving the synthesis of PDA based films and the understanding of their structure.

State of the art about PDA films and nanomaterials

Many properties of PDA, as its light absorption over a broad range of wavelengths expanding over the whole UV-vis and NIR, its extremely low fluorescence quantum yield and its insolubility in most organic solvents (with exception of dimethylsulfoxide and alkaline water with pH higher than about 11) led rapidly to the consensus that it is a material very close to eumelanin, the brown-black piment responsible for skin pigmentation [20,21]. Polydopamine and eumelanin share similar composition, absorption spectra and radical scavenging abilities and are also characterized by an amorphous and complex structure as well as their insolubility in most common solvents [20,21]. In addition, the close proximity of the starting building blocks of PDA and eumelanin, respectively dopamine and L-DOPA as well as their well known oxidation mechanisms reinforced the validity of this assumption. However, the observed evolution of the reactants starting from 5,6-dihydroxyindole (DHI) of 5,6-dihydroxyindole-2carboxylic acid, leading to precipitation and/or to film formation is much more difficult to investigate [22].

However, very elegant chemical strategies have been developed to characterize the reactivity of DHI [23,24].

The oxidation of the precursor of DHI in solution, dopamine, in the presence of sodium periodate was investigated by means of UV-vis and 1 H-NMR spectroscopy allowing to follow the time evolution of the dopamine, aminochrome and 5,6-dihydroxyindole (DHI) concentration. These findings were not related to the PDA film deposition, which was not yet a research focus in 2007, but to the reaction of the oxidation products of dopamine with a protein like a-synuclein. It was found that DHI is the most important species to react with nucleophiles present on proteins [25].

As the structure of DHI will be of major importance in the following developments, its structure, its IUPAC nomenclature and the numbering of its constituent carbon atoms is represented in Scheme 2.

Scheme 2: structure of DHI (1H-indole-5,6-diol). The structure of PDA became a focus of interest immediately after the publication of the proof of concept of PDA deposition from aqueous dopamine solution (Tris buffer at pH = 8.5) in the presence of dissolved 02..

Using a combination of 1 H and 13 C NMR spectroscopies complemented with XPS and MALDI-TOF mass spectrometry data, Liebscher et al. provided strong evidence for a linear polymer with the dopamine units branched in the 4 and 7 positions (Scheme 2) [26]. In this polymer not all the monomer units are in the cyclized indole form but keep free primary amino groups. An indirect proof for the polymeric nature of polydopamine (produced by oxidation in the presence of dissolved oxygen in Tris buffer) has been obtained by force spectroscopy measurements [27].

However, in total opposition to the previous structural model, Bielawski and his collaborators proposed a model of PDA structure in which the 5,6-dihydroxyindoline building blocks are bound through a combination hydrogen bonding, p stacking and charge transfer interactions, without aryl-aryl coupling between adjacent cycles [28].

Besides these two extreme structural models, no definitive proof for each of them being available even 10 years later, analytical chemistry techniques like High Performance Liquid Chromatography allowed to show the presence of (dopamine)2-DHI aggregates within the covalent framework of PDA [29]. This model points to a structure that accommodates molecular clusters in a covalent framework.

More recently, the possible importance of cation p interactions in the stability of PDA films has also been strongly suggested: PDA films disassemble under basic conditions upon putting the coating in contact with NaOH. However, addition of K + at the same pH allows for redeposition of PDA on the substrate [30]. The incorporation of the strong cation p donor, K + , in the PDA film was demonstrated by means of X-ray photoelectron spectroscopy [31]. Other investigations suggest the role played by cation-p and p-p interactions in the stability of PDA films and composite PDA particles [32].

Despite the previously described controversy about the molecular structure of PDA and related materials, the amine moiety seems to be mandatory for the deposition of PDA films: when caffeic acid is oxidized in the presence of 50 mM carbonate buffer (pH = 9.0) instead of dopamine no film deposition is obtained even if caffeic acid undergoes oxidation. However, upon the addition of an equimolar amount of hexamethylene diamine, a 10 nm thick and greenish-blue film is deposited on cover glasses. When hexamethylene diamine is replaced by diamines with shorter chains or by monoamines even of longer aliphatic chain length, the film deposition is again inhibited. The addition of hexamethylene diamine to the dopamine solution also influences the film deposition process and its composition: the obtained films display a higher roughness and are enriched in nitrogen (as shown by XPS spectroscopy).

Overall, the investigation by d'Ischia et al showed not only the importance of amines in the formation of catechol-based coatings but also the need of externally added diamines with a long enough spacer between the two amino groups. A structural investigation of the obtained material, combining 13 C, 15 N nuclear magnetic resonance and mass spectrometry highlighted the presence of benzacridinium derivatives in the obtained deposit [33].

Such a reduced knowledge of a material and coating as reproducible to produce and with such a broad range of applications seems deceptive a priori. This diagnostic has however to be relativized by the inherent complexity and heterogeneity of the materials which investigation lies at the limit of the possibilities offered by modern analytical techniques. Fortunately, the development of synthesis/deposition methods, using molecules structurally similar to dopamine, other oxidants and deposition methods different than dip coating on the substrate from solution allowed to provide indirect but important information about probable structures of polydopamine(s).

PDA deposition from solution at solid/liquid interfaces

Deposition in solution versus precipitation (and nanomaterial formation) in solution.

When PDA or similar materials are formed upon the oxidation of dopamine or related molecules (see 3.2) in solution, the obtained material deposits not only in the form of a film on the surface of the reaction beaker and on the surface of the added materials but also as a precipitate in solution. Most of the oxidized material occurs in the last form and was neglected for a long time. But in the last years, important research efforts have been devoted to avoid and to control the aggregation of PDA in solution to yield nanomaterials. These aspects are only briefly described herein but have been reviewed elsewhere [34,35]. It is however worth to mention that polyelectrolytes, surfactants and proteins have been largely used in the control of polydopamine formation.

For instance, in the presence of sodium dodecyl sulfate (SDS) and hexadecyltrimethylammonium bromide (CTAB), the size of PDA particles produced in the presence of O2 as an oxidant is decreased in a surfactant concentration dependent manner (Figure 1B). Indeed, the hydrodynamic diameter decreases from a few micrometers, leading to precipitation from the solution in the absence of surfactant, to a few nanometers at a surfactant concentration of 50 mM. In the same time, the deposition of PDA on the walls of the reaction beaker decreases and the rate of dopamine oxidation and aggregate formation, as measured by the absorbance at 350 nm-a wavelength at which the monomer does not absorb by itselfincreases reaching a maximal value above the critical micellar concentration (CMC) of SDS and CTAB (Figure 1A). All these findings suggest that the oxidation of dopamine becomes progressively restricted in the internal volume of the micelles formed by increasing the surfactant concentration. This finding may however be surfactant dependent because it was found that Triton-X100, a non-ionic surfactant, is non-effective in controlling the size of PDA (nano) particles (Figure 1B). The anionic surfactant sodium octyl sulfate, having the same headgroup as SDS but a shorter alkyl chain, and hence a significantly higher CMC, was also inefficient in controlling the size of PDA nanoparticles [36]. Reproduced from reference [36] with authorization from Science Direct. Similarly, poly(vinylalcohol) allows also to control the size of particles formed during the oxidation of 5,6-dihydroxyindole [37]. Such findings deserve further investigations to better understand the influence of the surfactant properties on the formation of PDA.

Polymers like poly(N-isopropylacrylamide) have been added in the dopamine solution used to prepare films and have indeed been incorporated therein to modify the film properties [38,39].

Concerning proteins, the first observations were made in an empirical manner: human serum albumin [40] (HSA) and proteins from the egg yolk [41] were found to produce PDA based nanoparticules of controlled size and stable for long storage times whereas other proteins (like hen egg white lysozyme, a-lactalbumin) had no influence on the formation of PDA. In the case of HSA as an adjuvant it was also observed that above a critical protein / dopamine threshold, PDA nanoparticles were formed at the expense of PDA deposition on the walls on the reaction beaker. These observations forced to understand if some specific amino acids can interact with dopamine or its oxidation products. It was found that proteins as well as short peptides containing the KE diad where able to produce PDA based and protein containing nanoparticles [42]. The control over PDA formation is totally lost when a glycine residue (G) is incorporated between the L-lysine (K) and L-glutamic acid (E) residue. Finally, molecular dynamics simulations have shown a preferential interaction between the two vicinal OH groups of dopamine with the carboxylic acid moiety of E via hydrogen bonds and also between the amino group of K with the aromatic cycle of dopamine via a cation -p bond [42].

When alkaline phosphatase was used as an adjuvant it was incorporated in the PDA nanoparticles which were afforded with the enzymatic activity of the enzyme, showing that at least part of it is available on the nanoparticles surface and in an active state [43]. However, it is still not yet known if the enzyme distribution in such particles is homogeneous or if the nanoparticles are of the core-shell type.

Anyway, the interaction between dopamine and proteins in oxidizing conditions is of major interest because it mimics the environment of melanocytes in which the obtained eumelanin, resulting from the oxidation of L-DOPA is always surrounded by proteins.

Another interesting way to control the fate of PDA polymerization or self-assembly is to use organic molecule like folic acid [44] yielding to PDA nanotubes or boric acid forming strong hydrogen bonds with the vicinal OH groups of dopamine. These hydrogen bonds shift the standard redox potential of dopamine (as measured by means of cyclic voltammetry) by 0.6 V to more anodic values. If the boric acid / dopamine molar ratio is high enough, the self-assembly of particles/precipitates in solution as well as the film deposition on substrates can be stopped at any moment (Figure 2). This interesting finding should be used in the future to investigate the structure of PDA after a given oxidation-polymerization/self-assembly duration [45]. Modified from reference [45] with authorization from the American Chemical Society.

All the previously described experiments have been performed on dopamine oxidized in the presence of dissolved oxygen at pH = 8.5. We will now describe some details about PDA films obtained in these conditions to highlight their difference with PDA films obtained from dopamine solutions but in the presence of other oxidants. In the following of this article, we will use the following nomenclature: PDA-oxidant to designate polydopamine produced in the presence of the designed oxidant. If the precursor of the PDA like material is another molecule, we will change the nomenclature accordingly.

O2 as the oxidant Deposition of PDA-O2 films

Following the synthesis method proposed by Lee and Messersmith [9], most of the PDA synthesis using O2 as the oxidant have been performed in the presence of a primary amine containing buffer, namely Tris (Tris(hydroxymethyl)aminomethane) with a pKa value of 8.2 at 25 °C. It was soon demonstrated that injections of freshly prepared dopamine solutions in a closed cell of a quartz crystal microbalance allowed for continuous film deposition with no apparent limitation in film thickness [46] contrarily to the observed maximal thickness close to 40-45 nm which is attained from a single dopamine solution after about 16 h of contact with the substrates [9].

It has also been shown that several successive PDA layers, each of the maximal thickness in this deposition conditions, can be deposited in a "layer-by-layer" manner provided the film is dried between successive deposition steps [47].The Tris buffer molecule, used in all the first investigations aimed to study PDA deposition, is in equilibrium between its protonated and unprotonated form at pH = 8.5, its pKa value being equal to 8.2 at 25°C, remains nucleophilic and can be covalently incorporated in PDA through a nucleophilic addition on the quinone resulting from the first oxidation step of dopamine [48].

The dopamine concentration used to build up de PDA-O2 films is of tremendous importance for the final coating thickness obtained on silicon at the end of the deposition kinetics: no film deposition is observed at 0.1 mg.mL -1 whereas films much thicker than the limiting value of about 45 nm-obtained at 2 mg.mL -1 -are obtained at an initial dopamine concentration of 5 mg.mL -1 . Quite interesting is the increase in the mean root squared film roughness (measured with AFM) as a function of its thickness (measured by ellipsometry) [49].

Bubbling pure O2 in the dopamine solution instead of oxygen diffusion from the ambient air (under constant stirring) allows to produce PDA-O2 coatings of a higher homogeneity [50].

The deposition rate of PDA films from aerated dopamine solutions at pH = 8.5 depends also markedly on the used buffer. A faster deposition, achieved in about 16 h, is obtained in the presence of Tris buffer whereas the deposition is much slower in the presence of sodium phosphate buffer. However, the films deposited from phosphate buffer are much thicker (about 80 nm) than those deposited from Tris buffer (about 45 nm). In phosphate buffer the film thickness did even not reach a plateau value after 80 h of deposition but delaminated from the silicon substrate [47].

PDA particles were also prepared in phosphate, bicarbonate and Tris buffer in the presence of different dopamine concentrations (0.5, 1.0 and 2.0 mM) using dissolved O2 as the oxidant and at a constant pH of 8.5 [51]. The obtained particles were characterized by means of dynamic light scattering (Figure 3), small angle neutron scattering and electron paramagnetic resonance (EPR) spectroscopy. At all the investigated dopamine concentrations, the hydrodynamic radius of polydopamine was much larger when the synthesis was performed in phosphate buffer. In the presence of bicarbonate buffer, the hydrodynamic radius reached after 2 h was only slightly larger than in Tris buffer (Figure 3). The SANS data were fitted with power laws of the scattering vector and allowed to demonstrate a platelet like organization of the PDA particles obtained in the presence of phosphate and bicarbonate buffer whereas the scattering profile obtained from PDA particles produced in Tris buffer were coherent with fractal like particles.

The EPR spectra recorded at low power (0.6 mW) were broader for PDA obtained in Tris when compared to the spectra obtained in phosphate and carbonate buffer. In addition, the power saturation profile decreased again faster for the PDA prepared in Tris buffer than for the two other investigated buffers which allowed to suggest a difference in local order and in the p electron delocalization when Tris is incorporated in PDA [51]. Modified from reference [51] with authorization from the American Chemical Society.

In the first paper describing PDA deposition from aerated solutions and in the presence of Tris buffer, the possibilities of PDA post-functionalization with organic molecules (in this case alkane thiols) and with metallic nanoparticles was demonstrated [9]. Later on, the possibility to modify PDA with proteins using covalent bonds [52] in addition to electrostatic interactions was demonstrated [53]. In this later investigation, the surface density of small amines, namely 2-(2-pyridinedithiol)ethylamine, able to be grafted on PDA particles was estimated at (1.5 ±0.2)

x 10 -3 mol.g -1 [53]. The possibility to use PDA to initiate surface induced oxygen tolerant atom transfer radical polymerization was demonstrated very early in the history of those films and materials [54]. Ring-opening polymerization of lactide on PDA modified substrates and nanoparticles was also demonstrated [55.].

Physicochemical properties of PDA-O2

PDA-O2 displays an absorption spectrum expanding over the whole UV-visible part of the electromagnetic spectrum with a shoulder at 360 nm and a small residual peak at 280-290 nm [46]. Overall, as for eumelanin [20], the absorbance decreases in an almost exponential manner with the wavelength [46].

The real and imaginary part of the refractive index of PDA-O2, in the form of particles in suspension (stabilized after titration up to pH = 13) have been determined at a wavelength of 588 nm by means of refractometry and absorbance measurements respectively [46]. The obtained values, ! = 1.73 ± 0.05 and * = 0.022 ± 0.002 are useful to determine the thickness of PDA-O2 films by means of ellipsometry. In the same investigation, the mass density of PDA-O2 was found equal to (1.2 ± 0.1).. /0 !" [46] a value which is again very close to that obtained for eumelanin.

The variation of the zeta potential of PDA-O2 films has been measured as a function of the solution pH: the films displaying a point of zero charge close to 5 [56]. This knowledge allows to use PDA-O2 films as permselective membranes for cations and anions at pH lower and higher than its point of zero charge [57].

The oxidation kinetics of dopamine in solution at pH = 8.5 in the presence of Tris buffer is a process much slower than the film deposition in the same conditions: the solution still contains small oligomers or dopamine-quinone even after one week of agitation at 25 °C [58].

Indeed, on template striped gold surfaces, the PDA-O2 coating was conformal after 10 min of substrate immersion and became impermeable to hexacyanoferrate anions after 1h of PDA-02 deposition [59]. Interestingly, among other investigations using XPS to characterize the composition of the PDA film-vacuum interface, it has been shown that the fraction of imine groups in the film decreases from 49 % (after 2 min of deposition) to 10-11% (for deposition times longer than 10 min.) whereas the fraction of secondary amines increases from 41 to 74-76 % in the same time interval [59]. The importance of nucleation processes preceding the growth of PDA-O2 films at the substrate/solution interface has also been highlighted by Bettinger et al. [60].

Finally, the PDA-O2 films without any other modification are catalytic materials for aldolation reactions [61] as well as for the hydrolysis of esterified phosphates [62].

PDA film preparation from organic solvents

Some trials have been performed to get PDA-O2 films from organic solvents like piperidine in order to allow the deposition of PDA-O2 on water hydrolysable substrates like polyesters [63].

Further investigations are required to enlarge this field: the solubility of dopamine in the selected organic solvents is of course of prime importance. At the end of this review, we will emphasize the particular-surface selective deposition of PDA-O2 from DMSO [64].

Influence of the used monomer: dopamine versus norepinephrine, L-DOPA, or sulfur containing catechols

Several catecholamines have been used to deposit films similar (but not necessarily identical)

to PDA-O2 films (Scheme 3). L-DOPA (2 in Scheme 3) was used to interact with clays and allowed to form gel like materials where the clay platelets are intercalated and related with a PDA like material [67,68]. However, there are only few examples of the use of L-DOPA for direct functionalization, essentially of membranes like polypropylene (PP), poly(vinylidenefluoride) (PVDF) and nylon membranes [69] or PTFE membranes [70]. Interestingly, the mass of deposited poly(DOPA)-O2 was 4 times lower on a PP membrane than on PVDF or nylon membrane of the same surface area. This strong reduction in poly(DOPA)-O2 deposition was attributed to the strong hydrophobicity of PP and to the presence of a deprotonated carboxylic acid group on the oxidation product of L-DOPA, namely 5,6-dihydroxyindole-2-carboxylic acid [69]. For the same reason, the poly(DOPA)-O2 film deposited on glass particles exhibited a zeta potential of -43 mV at pH = 8 whereas PDA-O2 exhibited a zeta potential of only -34 mV [69]. Poly(DOPA)-O2 films were more stable than PDA-O2 films after 2 h of immersion in a 0.1 M NaOH solution on all the three investigated membranes. The difference in stability was attributed to stronger electrostatic repulsions in poly(DOPA)-O2 than in PDA-02 because the structural unit in each material/polymer carries respectively 3 and 2 negative charges in alkaline conditions [69].

L-DOPA was also modified on its -COOH group to yield an amide analogue of L-DOPA. 13 C solid state NMR allowed to show that the product obtained after oxidative polymerization contained cyclized indole units as well as non-cyclized dopa amide groups, in close analogy to PDA [71].

Epinephrine

The autoxidation of epinephrine allows to produce ultrasmooth coatings compared to PDA coatings [66]. In addition to the film characterization, the properties of poly(epinephrine) solutions, called epinephrine-melanin in the original article, were investigated using a combination of UV-vis, fluorescence, dynamic light scattering and high resolution TEM in the presence of Tris, phosphate buffer or NaOH solutions. It appears that the poly(epinephrine)-O2 suspensions made in phosphate buffer and in NaOH solutions have an UV-vis spectrum displaying two distinct peaks at 283 and 326 nm, the intensity of the latter one decreasing with a decrease in the pH of the diluted solution. This absorption decrease was related with a decrease in the aggregate size. In addition, the poly(epinephrine)-O2 particles contained graphitic sheets with an interlayer spacing of 0.39 nm, characteristic of p stacked molecules/aggregates [72].

These water soluble and stable particles could be deposited on TiO2 nanoparticles to produce electrodes for phoelectrochemical biosensing of the prostate specific antigen [73].

DHI

When DHI (Scheme 2) is used as a monomer, no film deposition occurs in the same conditions (0.1 M bicarbonate buffer at pH = 9.0) used for film deposition with dopamine as the monomer.

This important and surprising finding asks the real role played by DHI in the mechanisms of PDA deposition: it is certainly an important intermediate in the pathway leading to PDA, but the steps preceding its formation -dopamine quinone, leucodopaminochrome-cannot be shunted to lead to the final product adhering on solid surfaces. In addition, using MALDI-TOF mass spectrometry, it was shown that PDA films (prepared from dopamine) had a composition which is slightly different than that of the PDA precipitate [74].

The precipitate obtained after the oxidation process also was analyzed by matrix assisted laser desorption mass spectrometry (MALDI-TOF): it came out that the obtained mass spectra were markedly different highlighting that PDA is different from DHI melanin [74].

Even if the deposition of films from L-DOPA by autoxidation is not very efficient, the addition of polyethyleneimine in the reaction mixtures, changing the PEI/L-DOPA ratio, leads to film deposition that can be four times faster than the deposition of PDA films under the same conditions [75].

Tyramine

Tyramine (4 in Scheme 3), a monophenol not a catechol, was hydroxylated in the presence of tyrosinase from mushroom (20-100 U.mL -1 ) to yield conformal films on a large variety of substrates in the presence of carbonate buffer at pH = 6.8. Those films were more hydrophilic (water contact angle of 19 ° at 20 U.mL -1 in enzyme) than their PDA counterparts (water contact angle of 32° at 20 U.mL -1 in enzyme) and could be obtained at tyramine concentrations as low as 1 mM. When the deposition kinetics of films made from dopamine or tyramine (in the presence of tyrosinase) were compared by means of quartz crystal microbalance with dissipation monitoring, the deposition of the former was faster than that of the later [71]. At a constant tyramine concentration (1 mM) the film deposition was found optimal at a tyrosinase concentration of about 20-30 U.mL -1 suggesting that excessive enzyme may be inactivated and/or entrapped within the obtained coating. The tyramine-tyrosinase-O2 films were also less permeable to hexacyanoferrate anions after 1 h of deposition (in the presence of 20 U.mL -1 in tyrosinase) than the PDA-tyrosinase-O2 films [76]. Both the tyramine-tyrosinase-O2 and the PDA-tyrosinase-02 films (and precipitates) displayed an antioxidant activity (measured by the discoloration of 2,2-diphenyl-1-picrylhydrazyl) [76].

Caffeic acid and diamines

The oxidation of caffeic acid (3 in Scheme 3) in solution yields to a color change in solution without film deposition on the surface of immersed substrates. The film forming ability is restored upon the addition of hexamethylene diamine, able to crosslink adjacent oxidized caffeic acid molecules. However, when aliphatic monoamines are used, no film deposition is observed and the same holds true when the spacer between the two terminal primary amino groups is too short [77].

4-(2-azidoethyl)benzene-1,2-diol

Replacing the amino group by an azido group allows to produce a PDA analogue mainly constituted from linearly branched monomers through coupling between aromatic cycles, as inferred by NMR techniques. ESI-MS and MALDI-TOF spectra suggested the formation of short oligomers, mainly dimers, trimers and tetramers. Those aggregate in the form of spherical particles whose size is dependent on the solvent in which they are dissolved. The UV-vis spectra of those materials are also markedly different from their PDA counterparts and their IR spectra confirm the presence of unmodified azido groups, in accordance with the NMR spectra. The poly(dopazide) films are much rougher than the PDA films obtained after an identical deposition time [78].

Sulfur containing catechol derivatives

The oxidation of 5,6-dihydroxybenzothiophene (DHBT), the sulfur containing analog of DHI, by K3Fe(CN)6 yields to a grayish amorphous solid made of linear macromolecules linked in the 

Influence of electron withdrawing groups on dopamine

6-nitrodopamine which has a higher redox standard potential than dopamine does not oxidize spontaneously in Tris buffer at pH = 8.5 but rather precipitates at this pH value. However, in the presence of 2 x 10 -3 M NaIO4, some oxidation occurs in competition with precipitation. The deposition of PDA-O2, ClPDA-O2 (from 6-chlorodopamine) and NO2PDA-NaIO4 (from 6nitrodopamine) films was followed by UV-vis spectroscopy (on quartz plates) and by ellipsometry (on silicon wafers). When the monomer solution was 1 mg.mL -1 , the film thickness after 48 h was equal to 25, 7 and less than 5 nm in the case of PDA-O2, ClPDA+-O2 and NO2PDA-NaIO4 respectively [80]. The presence of the electron withdrawing groups at position 6 of dopamine not only make the oxidation of the monomer more difficult but also hinder the intramolecular cyclisation to yield DHI. However, the later effect may be less important in the case of 6-chlorodopamine because halide elimination as found for 6-fluorodopamine is possible [81] and may contribute to explain the higher thickness of ClPDA-O2 coatings compared to NO2PDA-NaIO4 coatings.

The presence of electron withdrawing groups also markedly affects the adhesion of the films obtained from dopamine analogues, like noradrenaline, adrenaline or L-DOPA [82].

Presence of graphitic domains in PDA-O2

High resolution transmission electron microscopy showed the presence of localized onion like organizations in the PDA-O2 precipitate including some graphitic nanodomains (Figure 4 b,c,d)

with lattice spacings close to that expected in graphite [83]. The presence of such organized domains in PDA-O2 films was simulated by molecular dynamics considering the p-p stacking of porphyrins made through tetramers of DHI (Figure 4a). The physical presence of such building blocks in PDA-O2 is however not consistent with the MALDI-TOF spectra of the obtained material [74].

These organized domains are surrounded by amorphous material and are hence insufficient to provide a significant electrical conductivity to PDA-O2 in the dry state. Reproduced from reference [83] with authorization from the American Chemical Society.

Similar onion like structures have been observed in eumelanin [84] and constitute a strong argument for the structural analogy between PDA-O2 and the brown-black pigment of the skin.

It has to be noted that eumelanin presents a humidity dependent conductivity which is indeed a protonic conductivity [20,85]. The graphitic domains already present in PDA-O2 films may however be responsible for the obtention of highly conductive films, up to 1200 S.cm -1 , after pyrolysis at 1000°C. Thermally programmed XPS data have shown an important decrease in the O content of PDA above 500 °C as well as an increase in the fraction of carbon atoms in an sp2 hydridization state. The obtained conductive films could be easy transferred from Cu substrates to flexible PDMS [86].

More recently, it has been found that thermal treatments at moderate temperatures, 130 °C, of PDA-O2 films was sufficient to improve markedly their mechanical properties, namely their scratch resistance as well as their chemical stability against NaOH solutions [87]. Indeed, pristine PDA-O2 films kept only 19 % of their initial thickness whereas thermally annealed films kept 80% of their initial thickness after immersion in NaOH solutions. The annealed films became more hydrophobic, underwent lower swelling in water and were structurally more ordered (as inferred from grazing incidence wide angle X-ray scattering experiments (GIWAXS). Notably the GIWAXS pattern of the annealed films was characterized by the presence of a halo at a scattering vector of about 1.6 Å !# corresponding to a layer spacing of 3.9 Å consistent with the presence of a higher amount p-p stacked domains in the annealed material. Surprisingly the ability of the annealed PDA-O2 coating to reduce metallic cations was not altered when compared to pristine PDA-O2 [87].

It has to be noted that the onion like ordered domains with some nanodomains in which the interlayer spacing is close to that of graphene oxide are not observed by high resolution TEM when Cu 2+ cations are used as the oxidant [88].

Mechanical properties of PDA-O2 films

Indentation experiments performed by AFM on PDA-O2 films gave strong arguments for the polymeric nature of the material constituting those films [27].

As already mentioned, the scratch resistance of PDA-02 films was increased, as manifested by a 32 % decrease in penetration depth of the indenter, after mild thermal treatment at 130 °C [87].

The mechanical properties of PDA made from either 2,4 or 2,7 (carbon position) crosslinks between adjacent DHI units (see Scheme 2 for the nomenclature) was simulated in vacuo as a function of the crosslinking density, the fraction of monomers forming covalent bonds. The simulated Young's modulus was almost independent of the nature of the crosslinks (within ± 0.3 GPa) and increased almost linearly with the degree of crosslinking, h, from (2.6 ± 0.1) GPa to (4.4 ± 0.1) GPa for h=0 (physically stacked DHI monomers) to h =70% [89].

Compressive buckling experiments on transferred PDA-O2 films gave a Young modulus of (2.0 ± 0.9) GPa but this value increased to (7.90 ± 2.50) GPa after crosslinking with genepin [90].

Brillouin light scattering on supported PDA-O2 membranes, after their detachment from the solid substrate, allowed to determine a Young modulus close to 12 GPa, significantly higher than the values obtained by other methods [91].

Quite interestingly, all the obtained values for the Young modulus of PDA-O2, between 2 and 10 GPa (in the dry state) are of the same order of magnitude as the values obtained for dry eumelanin [92] (3.3 to 7.2 GPa), which constitutes once more an evidence for the close similarity of both materials. To our knowledge, no mechanical measurements were made on hydrated eumelanin.

Self polymerization in an acidic environment

Oxidation and the subsequent self-assembly polymerization of PDA-O2 particles was shown possible down to pH = 1.0 but in hydrothermal conditions (at temperatures between 120 and 160°C during 16 h in Teflon lined autoclave). The obtained material was characterized by UVvis and FTIR spectroscopy: the obtained spectral features were similar to those obtained for PDA-O2 produced at pH = 8.5 [93]. However, the isoelectric point of the material obtained in hydrothermal conditions was shifted to a lower value (about pH 3) than the material obtained at pH = 8.5 (in the presence of Tris buffer) [56]. It was proposed that the temperature increase induced an increase in the concentration of hydroxyl radicals able to contribute to the dopamine oxidation and polymerization [93]. The possibility to deposit PDA-O2 films in hydrothermal conditions was however not investigated. Unfortunately, very few research papers were devoted to this preparation method of PDA-O2, probably owing to the fact that it is less straightforward than the other ones.

Use of other oxidants than dissolved O2

It is surprising how many applications related papers use O2 as the oxidant for the oxidation and subsequent self-assembly/polymerization of PDA films. Looking at the standard redox potential scale, many different oxidants could be used to produce PDA (Figure 5).

Figure 5:

Standard redox potential of different couples (at pH = 7.00) with respect to dopamine / dopamine quinone.

UV irradiation to produce free radicals

UV light (260 nm, 7.5 mW.cm -2 ) allows to trigger the oxidation of dopamine in solution even at pH = 2.0, the oxidation process being faster at pH = 8.5 and also faster at this basic pH value when compared to the absence of irradiation. In the absence of dissolved oxygen, the oxidation kinetics (followed by means of UV-vis spectroscopy) is significantly slowed down. When ascorbic acid, a well-known radical scavenger is added in the solution, the oxidation of dopamine does not occur which suggests the importance of radical species like singlet oxygen, superoxide and hydroxyl radicals. Since these species are short lived (~1µs), the oxidation process can be stopped at will by single arrest of the UV irradiation. The thickness of the PDA-UV films on silicon substrates was measured by ellipsometry and was found to be of 4 nm after 2 h of UV-irradiation at pH = 8.5, whereas the films thickness at the same pH was only equal to 2 nm but in the absence of UV irradiation [94]. When a photomask is used, the deposition of PDA-UV occurs only on the parts of the substrate which are not masked owing to the absence of radical formation, and hence the absence of dopamine oxidation, in those regions [94]. This very elegant deposition method of PDA based films seems however not popular in the forthcoming literature probably due to the need of a far UV emitting lamp.

Metallic ions

Vanadyl chloride and Ce 4+ cations are strong enough oxidants (Figure 5) to oxidize dopamine and to produce PDA based films [95,96] as well crosslinked hydrogels [97]. Interestingly, the deposition of Ce 4+ cations in polyelectrolyte multilayers allowed to localize the oxidant at the solid-liquid interface and to restrict the formation of the PDA coating at that interface, without precipitation in solution [95].

PDA related films can also be produced starting from dopamine at 2 mg.mL -1 (10.6 mM) degazed Tris buffer in the presence of Copper sulfate at 30 or 60 mM. The oxidation mechanism is totally different than in the case of PDA-O2 in solution as shown by UV-Vis spectroscopy.

The UV-vis spectra of the PDA-Cu films are also markedly different than the spectra of their PDA-O2 counterparts. The initial growth rate of PDA-Cu films is slowlier than in the case where O2 is the oxidant, but the films continue to grow up to more than 70 nm in a single step deposition experiment (Figure 6) [47]. where the error bars correspond to one standard deviation over 10 thickness measurements, and the horizontal dashed line corresponds to the maximal thickness reached in the case of oxygenation in the presence of Tris buffer. Reproduced from reference [47] with authorization from the American Chemical Society.

The PDA-Cu films incorporate about 0.5 % (in weight percentage) of Cu 2+ (as shown by XPS spectroscopy) cations, suggesting that metal catechol coordination plays an important role in such films. Indeed, the reduction product of Cu 2+ is metallic copper and one would have expected the presence of Cu in the film rather than that of Cu 2+ . The degradation kinetics of the PDA-Cu films in the presence 1 g.L -1 sodium hypochlorite and at pH = 13 was much faster than that of the PDA-O2 films [47]. In addition, high performance liquid chromatography allowed to demonstrate that the not yet identified degradation products of PDA-Cu are more hydrophobic than those of PDA-O2. Note that Cu 2+ cations can induce aggregation of tyrosinemelanin in the form of rod like structures at a copper to melanin ratio above 0.6 and that those aggregates from sheet-like structures at a copper to melanin ratio above 1.0 [98].

Copper sulfate and hydrogen peroxide

At pH = 8.5, the growth rate of PDA films was of 43 nm/h when the used oxidant was CuSO4 + H2O2 as measured by Atomic force Microscopy [99]. The fast PDA formation in solution and on surfaces is most probably due to the formation of reactive oxygen species. Surprisingly when hydrogen peroxide is used alone, a rapid yellow coloration of the dopamine solution is observed but no further coloration change nor film deposition is found despite the high standard redox potential of H2O2/O2. Indeed, it has been found that H2O2 allows to oxidize dopamine but in the next step of the reaction pathway an epoxidation process enters in competition with the intramolecular cycloaddition leading to leucodopaminochrome (before the formation of DHI) [100]. It was assumed that an equimolar ratio of Cu 2+ cations and H2O2 molecules leads to the formation of highly reactive hydroxyl radicals at the origin of the high dopamine oxidation speed and subsequent film deposition. The PDA-CuSO4 + H2O2 coatings were more stable in acidic and alkaline water as well as in organic solvents (acetone, DMF and DMSO) than PDA-O2 films of similar thickness [99]. XPS spectra showed Cu 2+ incorporation (2.4 mol % ) in the PDA-CuSO4 + H2O2 films which were hence endowed with antimicrobial properties, 99.9 % of S. Aureus being killed on the PDA-CuSO4 + H2O2 films [99].

NaIO4 and other strong non metallic oxidants

Ammonium persulfate (at pH = 7.0) was used to deposit PDA based films on various substrates like Aluminum, glass, poly(ethersulfone), cellulose and nylon. XPS analysis gave N/C ratios between 0.112 and 0.129 on all substrates, a value close to the N/C ratio for dopamine, 0.125. This suggests that the oxidation and further polymerization/self-assembly of dopamine in the presence of ammonium persulfate does not produce significant degradation of the starting building block. The static water contact angle of the PDA films was comprised between 50 and 60° on all substrates [101]. The authors of the same investigation also mentioned the possibility to use sodium periodate and sodium chlorate to produce PDA films from dopamine solutions, but no details about the film characterization were provided.

When sodium periodate is used in sodium acetate buffer (pH = 5.0) as the dopamine (10.6 mM) oxidant, film deposition is extremely fast (5 nm.h -1 , 25 nm.h -1 and 65 nm.h -1 for NaIO4 concentrations of 1, 10 and 20 mM respectively as measured by ellipsometry) and the solution develops an absorption peak at 480 nm typical of the presence of dopaminochrome [102]. The PDA-NaIO4 films are more homogenous along the silicon substrates vertically dipped in the dopamine solutions than their PDA-O2 counterparts owing to the absence of a gradient in the oxidant concentration in the former case [102]. Very thick films displaying structural colors can be obtained after short reaction durations, a property which is more tedious to obtained when O2 is the dopamine oxidant in basic solutions [103].

The thickness of the PDA-NaIO4 films is highly temperature dependent, reaching 90 nm after 1 h of deposition at 70° C (10 mM dopamine and 10 mM NaIO4) [102].

In addition, the superhydrophilic behaviour of PDA-NaIO4 coatings allowed to afford some antifouling properties to the coated materials [102].

The most interesting finding of the comparative investigation between PDA-O2 and PDA-NaIO4 films was their different composition as inferred from FTIR and 13 C NMR measurements (Figure 7a andb). In complement to the FTIR and NMR characterizations, analysis of the XPS survey spectra showed a marked increase in the O/C ratio for the PDA-NaIO4 films when compared to the PDA-O2 films [102]. From a morphological point of view, the roughness of the PDA-NaIO4 markedly increases with the deposition time and for an initial NaIO4/dopamine ratio equal to 2. For a given deposition time, the roughness increase of the films is even more pronounced when the NaIO4/dopamine ratio increases to 3 [102]. Taking these findings together, an increase in the O/C ratio due to the formation of carboxylic acid groups and an increase in the film roughness with an increase in the initial NaIO4 /dopamine ratio, it was postulated that NaIO4 as a strong oxidant plays a dual role: it allows to speed up film deposition and simultaneously its degradation, certainly through muconic cleavage. In agreement with this assumption, the film thickness reaches an optimal value after 5 h (at 25 °C) of deposition in the presence of 20 mM NaIO4 and 10 mM in dopamine (pH = 5.0). Interestingly, the PDA-NaIO4 films obtained in the presence of 20 and 30 mM NaIO4 became superhydrophilic and superoleophobic in probable correlation with an increase in the surface density of hydrophilic groups and an increased roughness [102]. Reproduced from [102] with authorization from the American Chemical Society. The comparison between the PDA-O2, the PDA-NaIO4, the PDA-persulfate and PDA-CuSO4-H2O2 films was further investigated to try to find a rationale between the film deposition morphology (Figure 8a)/properties with the standard redox potential of the used oxidant (Figure 5). It came out that the film thickness (after 8 h of deposition) ranking (measured with AFM after needle scratching) was the following: PDA-NaIO4>PDA-CuSO4-H2O2»PDA-persulfate>PDA-O2 (Figure 8b) [104]. This film thickness ranking, as well as the film roughness (Figure 8c)-influenced by oxidative degradation-do not follow the ranking expect on the basis of the redox potentials (Figure 5) at least for the S2O8 2-/HSO4 -, IO4 -/IO3 -and O2/H2O redox couples. The findings are more difficult to rationalize when CuSO4/H2O2 is used, because the exact nature of the oxidant, probably hydroxyl radicals [99], is not yet known. Surprisingly, it was found that the PDA-NaIO4 films having the highest O/C ratio (XPS data) displayed also the highest antioxidant activity (measured by the discoloration of 2,2-diphenyl-1picrylhydrazyl). This finding was tentatively rationalized by normalizing the antioxidant activity by the film roughness (Figure 8d) [104]. Reproduced from [104] with authorization from Science Direct.

The UV-Vis spectra of PDA-O2 and PDA-NaIO4 films on quartz plates after 23 h of deposition are markedly different [105]. The molar absorption coefficient of PDA-NaIO4 was estimated at (1560 ± 550) L.mol -1 .cm -1 by combining thickness measurements (by ellipsometry) and UVvis spectra on PDA-NaIO4 film deposited on quartz slides [105].

Post-treatment of PDA-O2 or poly(DOPA)-O2 films with 5 mM NaIO4 significantly increased their stability (on PP, PVDF or nylon membranes) upon immersion in 0.1 M NaOH solutions [68].

K3Fe(CN)6 is also able to oxidize dopamine and L-noradrenaline yielding to nanoparticles incorporating enzymes like glucose oxidase added in the initial mixture. These nanoparticles were subsequently cast, on electrodes to yield highly sensitive amperometric glucose sensors [106]. Direct PDA film deposition triggered by K3Fe(CN) 6 has not yet been investigated to our knowledge.

Unfortunately, no mechanical measurements were performed on PDA-NaIO4 films as well as on the other kinds of PDA based coatings described in this section.

Microwave assisted deposition from solution

Microwave irradiation (400, 700, 1000 W) of dopamine solutions allowed to speed up the film deposition when compared to conventional deposition from 10 mM Tris buffer at pH =8.5. This irradiation process heated up the solution up to its boiling point. Hence, the influence of heating on PDA deposition without microwave irradiation was investigated: it came out that the deposition rate of PDA increased up to 60°C and decreased at higher temperatures due to a decrease in oxygen solubility in hot water. Hence, the increase of the PDA deposition rate under microwave irradiation at a temperature close to 100 °C is not a pure effect of temperature. The addition of an antioxidant, ascorbic acid, to the dopamine solution produced a strong reduction in PDA deposition under microwave irradiation. Hence the effect of microwaves is to produce reactive radicals which speed up the oxidation and deposition of PDA [107].

PDA deposition works also at the water air-interface

When a dopamine solution (2 mg.mL -1 ) in 50 mM Tris buffer is left unstirred, a PDA film also forms at the solution/air interface. The surface tension of the water /air interface was unchanged during a lag phase followed by a reduction of about 20 mN/m occurring in about 20 min [108].

This finding allowed to suggest the formation of amphiphilic species issued from the oxidation of the highly water soluble and hence hydrophilic dopamine precursor. Those oxidized species self-assemble to form a conformal membrane at the water/air interface which can subsequently be deposited on a solid substrate via Langmuir-Schaeffer transfer (at a transfer rate of a few micrometers per second). The transfer is possible not only on glass slides but also on sheets of PTFE with the absence of membrane delamination even after intense water rinse. The composition of the films deposited at the solid /water interface was very close to the composition of the films transferred from the water/air interface, with a N/C ratio close to 0.125 as expected for dopamine based materials that did not undergo an oxidative degradation. Note that the thickness of the PDA films transferred on silicon was higher than the thickness of the films directly deposited on silicon after an identical reaction time owing to a higher O2 concentration at the water /air interface [108].

The PDA films grown on the water/air interface are nevertheless extremely brittle and hard to be handled. Their thickness and mechanical properties can be increased by adding polymers carrying nucleophilic groups in the aqueous dopamine solution. For instance poly(ethylene imine) (PEI) with a molecular weight of 750 kDa, added to an aerated dopamine solution, allowed to produce Janus like membranes up to 40 µm thick which could be handled with tweezers. The air exposed face of the membrane was enriched in PDA whereas the solution exposed face of the membrane was enriched in PEI [109].

Short PEI molecules are also able to produce stable membranes at the water/air interface with a thickness ranging from 80 nm to 1µm in dependence on the reaction time and on the dopamine/PEI ratio. Those films could be used as templates for the deposition of hydroxyapatite and silver nanoparticles [110].

Most of the investigations performed before 2016 on PDA films at the water/air interface and their transfer to solid substrates have already been reviewed [111].

The most recent advances, in the five last years, concern the improvement of their mechanical properties and the first studies aimed to their practical applications.

Even if branched polyamines seem to be effective in stabilizing composite PDA membranes at the water/air interface, linear primary and quaternary amines seem to favor the formation of PDA nanoparticles in solution which do not self-assemble at the water/air interface owing to electrostatic repulsions. However small molecules like 1,2-dihydroxybenzene added in the dopamine solution allow to produce stable membranes. When the catechol is grafted to alginate, with a 10 % grafting ratio, the composite membranes obtained at the water/air interface reach about 20 µm in thickness after 24h of oxidation (Tris buffer 50 mM, O2 as the oxidant) and are strongly adhesive to the reaction beaker in such a manner to withstand the weight corresponding to 10 mL of the subphase when the beaker in turned upside down (Figure 9a). When removed from the water/air interface, the growth of new membrane is reinitiated from the subphase, suggesting that the thickness of the first formed membrane is limited by the oxygen permeability through the composite membrane. The compositional anisotropy of the membranes was characterized by means of X-ray photoelectron spectroscopy: the face exposed to the solution was enriched in PDA whereas the face exposed to the solution was enriched in alginate-catechol polymers. This compositional anisotropy allowed for a folding behavior when a dried self-standing membrane was re-exposed to water (Figure 9b) [112]. Finally, the adhesion of the membranes deposited between a hemisphere and a flat collector was measured and quantified using the JKR theory. It came out that the adhesion is higher on the PDA enriched face and that the pull-off forced increased from 22 mN to 46 mN upon an increase in relative humidity from 30 to 80% (Figure 9c) [105].

Figure 9:

A: Pictures of dopamine solutions containing alginate catechol (Algcat) solutions after 24 h of oxidation, and of the PDA@Algcat membrane sticking to the vial.

B: Pictures representing the responsivity of the PDA@Algcat membranes to the addition of water.

C: Pull off data of PDA@Algcat membrane at different concentrations in Algcat depending on the side of the membrane (30% relative humidity) and pull of data as a function of the relative humidity.

Reproduced from reference [112] with authorization from the American Chemical Society.

Nanoindentation experiments on the 2D-layered PDA-O2 obtained from the air-water interface were analyzed by the Oliver-Pharr method and allowed to calculate a Young modulus of 13 ± 4 GPa as well as a hardness of 0.21 ± 0.03 GPa [113]. This value of the Young modulus is very close to the value obtained by Weil et al. on supported PDA-O2 films, after detachment from the solid substrate [91].

Finally, interfacial rheology has also been performed on PDA-O2 films at the water/air interface [114].

Iron containing PDA-O2 membranes obtained from the water/air interface can be used as catalysts for the oxygen reduction reaction after their calcination [115].

Another possible use of PDA-O2 membranes obtained from the water/air interface is for wound healing [116].

Changing the dopamine concentration and the pH, large scale PDA membranes can be transferred to Si(100) substrates to keep their thickness and homogeneity [117].

Solid phase deposition

DHI was spin coated on solid surfaces and the obtained film was put in contact with ammonia vapors in the presence of air. This deposition from the solid state was called "ammonia induced solid state polymerization" (AISSP) and allows film formation without loss of monomers, a major drawback during deposition by autoxidation in the solution phase. The average roughness of the obtained coatings was lower than 0.3 nm over a 2 µm x 2 µm surface area as determined by atomic force microscopy. Interestingly MALDI-TOF mass spectrometry allowed to show that the obtained films displayed greater structural integrity than those obtained by deposition of preformed eumelanin (tyrosinase catalysed DHI melanin). Indeed, the mass spectra from the AISSP films displayed regular clusters of peaks with a small width at half maximum whereas the films obtained from melanins were broad and noisy (Figure 10) [118]. The conductivity of AISSP films was humidity dependent and displayed a reversible behavior upon hydrationdehydration cycles. Finally, those film were biocompatible for murine embryonic stem cells which could be differentiated into a neuronal lineage [118]. Modified from reference [118] with authorization from the Royal Society of Chemistry.

The PDA obtained by oxidative CVD in the presence of H2SO4 had a conductivity of (0.43 ± 0.1) S.cm -1 . The obtained PDA films served as efficient catalysts for the CO2 reduction reaction, formate being the main reaction product [119].

Electrodeposition

The electrochemical deposition of dopamine (2 x 10 -4 mol.L -1 ) on gold electrodes was investigated in situ by quartz crystal microbalance, even before the discovery of the universality of dopamine based solution deposition, and was shown to be effective at pH values above 3.86.

The obtained films were characterized by infrared spectroscopy and the obtained spectra were consistent with the presence of 5,6-dihydroxyindole units in the deposit [120]. Quite interestingly the inhibition of film deposition in the presence of salts was investigated.

Concerning the effect of cations, the inhibition sequence was the following:

NH4 + >Na + >Li + >K + >Cs + >Rb + , quite suggestive of the role played by cation-p interactions during the electrochemical deposition process.

PDA films on amorphous carbon electrodes were obtained from cyclic voltammetry (PDA-CV films) at a potential sweep rate of 10 mV.s -1 (from deaerated Tris buffer at pH =8.5) and were compared with PDA-O2 films for their permeability to negatively charged, positively charged and neutral redox probes. It came out that the electrodeposited PDA films, even if conformal, became impermeable to the hexacyanoferrate anion only for a thickness close to 40 nm (as obtained from quartz crystal microbalance using the Sauerbrey equation) whereas the PDA-O2 films were impermeable to this probe after a thickness of about 5 nm. All the PDA films were more permeable to the neutral ferrocene methanol and to the positively charged ruthenium (III) hexamine cation than to the hexacyanoferrate anion, as expected on the basis of their negative zeta potential at pH = 8.5. These findings point to an important difference in the nanoporosity of the PDA-O2 and the PDA-CV films [121].

5,6-dihydroxyindole was also deposited on indium-tin oxide (ITO) electrodes by means of cyclic voltammetry and chronoamperometry from Tris and phosphate buffer solutions at pH 7.0-7.4. In each buffer, thicker films were obtained by chronoamperometry (CA) as compared to cyclic voltammetry (CV) with a film thickness saturating at about 600 nm (after 7200 s) and 300 nm (after 90 CV cycles) respectively. Interestingly, the films deposited from Tris buffer showed a better adhesion to the ITO substrates than those deposited from phosphate buffer [122].

Many other investigations described the efficient deposition of PDA based films with the major advantage of a surface specific oxidation process and hence the absence of precipitation from the dopamine solution [123,124]. The morphology, roughness and wettability of those films has also been characterized [124].

The growth rate and the surface properties of electropolymerized films from dopamine, L-DOPA, adrenalin and 5-hydroxytryptophan (5HTp) were compared after 50 CV cycles performed at 20 mV.s -1 from deoxygenated solutions (Tris buffer at pH = 8.5). When the maximal oxidation potential of the anodic wave was equal to +0.5 V versus Ag/AgCl, the thickness of the PDA, the P(L-DOPA) and the P(5-HTp) films were equal to 16.6 ± 1.0 nm, 14.3 ± 0.4 nm and 7.4 ± 0.2 nm respectively. When the maximal anodic potential was increased to +1.0 V, the thickness of the films slightly increased but the ranking of PDA, P(L-DOPA) and P(5-HTp) was not modified [125].

Interestingly, PDA films deposited via pulsed deposition with a scanning electrochemical microscope (Figure 11a) were compared with PDA films obtained through classical cyclic voltammetry in the presence of a degazed dopamine solutions at pH = 7.4 (phosphate buffer).

The films obtained via pulsed deposition were circular spots reflecting the counter-electrode geometry and less rough than their counterparts obtained through CV (Figure 11b), but blisters were observed after 3 pulse cycles. The films obtained by pulse deposition reached a final thickness of (75.4 ± 2.5) nm after 90 pulse cycles (Figure 11c) [126]. Modified from reference [126] with authorization from MDPI.

Highly conductive PDA films by electrochemical deposition on gold where obtained when the maximal anodic potential in the cyclic voltammetry scans (performed at 100 mV.s -1 which is a priori not favorable for PDA deposition [127]) was increased up to +2.1 V vs Ag/AgCl.

However, when the maximal anodic potential was only +1.3 V versus Ag/AgCl the electrochemical impedance spectra of the films were those of films displaying a high resistance to electron transport, namely poorly conductive films. The transition from insulating to conductive films was attributed to gold oxidation at high potential, the obtained Au 3+ cations 1 2

coordinating with dopamine and its oxidation products through cation -p interactions and leading to the deposition of ordered structures on the electrode surface [127]. A confirmation of this assumption was obtained by performing cyclic voltammetry on platinum working electrodes in the same potential scan conditions [119]. The presence of gold in the PDA nanosclusters deposited on gold working electrodes was confirmed by EDS analysis.

Interestingly, electropolymerized PDA nanomembranes undergo light driven motion after detachment from the electrode. The on-off response of those membranes' motion to light is in the ms range [128].

Spray deposition

Optimal rate of PDA deposition by spray, close to 20 nm/min, in the absence of a reaction beaker, was obtained in the following conditions: dopamine at 40 mM, pH=9.5 and a NaIO4/dopamine molar ratio of 2. The obtained static water contact angles were of 52° on a large repertoire of substrates: glass, poly(urethane) and poly(tetrafluoroethylene) [129].

An electrospray device was used to spray a dopamine solution (1 mg.mL -1 ) from a 10 mM Tris buffer solution under a voltage of 10 kV, the distance between the tip of the needle and the collector being constant and equal to 10 cm. The fast solvent evaporation afforded by this method allowed a quantitative deposition of polydopamine without solvent drainage. In addition the slipping of the electrosprayed droplets due to electrostatic repulsions and solvent evaporation allowed for a huge increase in the surface/volume ratio and hence a more efficient oxygen flux and a faster dopamine oxidation. The morphology of the obtained PDA coatings was extremely smooth. The final film thickness was of (47 ± 0.4) nm after 10 h, corresponding to an average growth rate of 4.7 nm.h -1 , which is not significantly better than the growth rate obtained in aerated solutions at the same pH [130].

Surface dependency on the morphology and covalent structure of PDA films

Between 2007 and 2018 it was believed that PDA based coatings consisted in a universal coating methodology even if some dependency of the film thickness on the nature of the substrate was already observed. However, when dopamine was dissolved in DMSO/phosphate buffer (PBS) co-solvents (1:1 v/v), almost no coating (less than 5 nm in thickness) was observed on silica and quartz after 24 h of oxidation in the presence of dissolved oxygen whereas films of more than 100 nm thickness were found on TiO2 and Au. For shorter reaction times, the film formation was totally inhibited on Si based substrates as checked by the absence of N1s photoelectrons in XPS measurements. This finding was attributed to a particular solvation of Modified from reference [64] with authorization from the American Chemical Society.

In Tris buffer using O2 as the oxidant it has been shown that the deposition of PDA is much faster on gold 0.10 ± 0.01 nm.min -1 as measured by spectroscopic ellipsometry than on materials presenting hydroxyl groups on their surface, namely SiO2 (0.05 ± 0.01 nm.min -1 ) and N doped TiO2 (0.07 ± 0.01 nm.min -1 ) (Figure 13A) [131]. However, on the later stages of PDA deposition, typically after 4 h of deposition, when the films reach a critical thickness, the influence of the substrate is minimized. X-ray photoelectron spectroscopy confirmed that the film composition in its last few nm at the film/vacuum interface is substrate independent. The XPS spectra and the grazing angle attenuated total reflection infrared spectra suggest in addition that indole structures are predominant on gold whereas uncyclized amines are predominant on the oxide surfaces at short deposition times (less than 10 min) (Figure 13B) [131]. The substrate has not only an influence on the film deposition but also on its adhesion and on pH dependent or strong oxidant stability. Indeed, the stability of PDA-O2 films in the presence of HCl (pH < 2) and NaOH (pH > 12) solutions has been found to depend markedly on the used substrate, namely polymer membranes [69].

PDA-O2 or PDA-CV films deposited on amorphous carbon or ITO electrodes were put in the presence of NaClO solutions at 1 g.L -1 for different durations. The film degradation by this strong oxidant was investigated by measuring the increase in the film permeability in the presence of potassium hexacyanoferrate. It was shown that the film degradation was faster on ITO than on glassy carbon whatever the way to deposit the PDA film, either using dissolved O2

(pH = 8.5 in the presence of Tris buffer) or by performing electrodeposition [132]. On glassy carbon, the film degradation was never complete even after 35 and 50 min of contact with the NaClO solution for the PDA-O2 and the PDA-CV films respectively, highlighting a pretty strong adhesion or cohesion of PDA on this substrate [132].

The adhesion of PDA-O2 and PDA-CuSO4+H2O2 modified glass beads, quantified by surface force measurements, was found to be strongly dependent on the wettability of the underlying substrate increasing with the hydrophobic character, controlled by the molar fraction of -CH3 terminated self-assembled monolayers grafted on gold [133].

Discussion

The comparative properties of the PDA films obtained by changing the nature of the oxidant or the used deposition method are summarized in Table 1. *possibility of multistep deposition [46,47].

Growth rate Maximal

E between 3 and 12 GPa, in the dry state [27], [89],

[90], [91] qwater almost substrate independent [9] *UV-vis spectra: [46],

* 1 H and 13 C NMR [26,28] *FTIR of PDA-O2 on Ge [134] *FTIR on different substrates [131] *EPR spectra 1 that the PDA-O2 films were subjected to the most intensive characterizations, in relation to historical reasons: those films being the first to be developed by Lee et al [9] and also those that led to the majority of applications. The single comparison between the PDA-O2 and the PDA-NaIO4 films shows however major differences in film thickness, composition and morphology. Additionally, the comparison between the solid phase deposition and the deposition from oxygenated solutions led to films with totally different mass spectra and hence different structures (Figure 10) [118]. All these comparisons point to the need to better characterize the PDA films (and the films obtained from other catecholamines) in the presence of other oxidants than O2 dissolved in water and using other, often faster deposition methods. For the sake of clarity, it may well be necessary to standardize the production methods of PDA films and to adopt their nomenclature to the used oxidant and deposition method.

Indeed, owing to the data gathered in Table 1, there may be as many kinds of different PDA films as used oxidants or deposition methods. From this point of view, researchers interested in the applications of PDA films may need to know the merits and shortcomings of their different synthesis methods of PDA, which are summarized in Table 2. Table 2: Merits and shortcomings of the different PDA synthesis methods.

Another fundamental point to be addressed is the comparison between PDA obtained as a precipitate from the solution and PDA deposited at interfaces. For sensitivity reasons, investigations by NMR spectroscopy can only be performed on PDA obtained from a precipitate (or from dried PDA nanoparticles). But it cannot be excluded that PDA films may be slightly different in composition and in structure than their corresponding precipitate. Such a difference could originate either from a selective deposition of certain species produced in solution on solid substrates (and hence be substrate specific, at least at the beginning of the deposition process [131] or from a surface guided chemical pathway different than the reaction mechanisms taking place in solution. From this point of view electrodeposited PDA films are unique because they do not have a counterpart produced in solution.

Conclusions and perspectives

PDA films appear to be extremely complex, their thickness and other physicochemical properties being strongly dependent on the used catecholamine, the used oxidant and the implemented deposition method (Table 1). There is no one kind of PDA coating, indeed there are as many as different experimental conditions. This may be deceptive, at first glance, but it constitutes a fascinating challenge for material scientists and for surface chemists because it is an illustration of how apparent simplicity (one pot and reproducible deposition methods) hiddens real complexity.

One way to get more efficient knowledge acquisition about the relationship between the preparation method and the used oxidant to the structure and properties of PDA films (or films obtained from other catecholamines) could be the use combinatorial methods as shown by Levkin et al. in the polyphenol-catecholamine mixtures [135]. Anyway, the story of PDA films should not be restricted to the development of new applications, it could also focus to pure fundamental knowledge because PDA pushes at the limits of our knowledge in the characterization of amorphous coatings and nanomaterials, and incites to the development of new analytical methods (NMR of thin films, coupling of characterization methods, simulation methods, etc).

Particular emphasis should be given to the mechanical properties of all kinds of PDA films.

Indeed, only the PDA-O2, the detached PDA-electrochem and the very thick PDA-O2 films from the water/air interface have been characterized from this point of view. Ways to increase the electronic conductivity of all kinds of PDA films will be of the highest interest owing to the reproducible one pot deposition methods of such coatings.

Figure 1 :

 1 Figure 1:A: Rate of PDA formation as followed by UV-vis spectroscopy (l= 350 nm) as a function of the SDS concentration (------). Each point is obtained from a curve as those represented in the inset (SDS at 0 (¡) 0.5 () and 5 mM) where the straight lines correspond to linear regressions to the experimental data.

Figure 2 :

 2 Figure 2: A: Deposition kinetics of a PDA film on a silica-coated quartz crystal as monitored by means of QCM. After 1.5 h, the dopamine solution was diluted 3-fold either in Tris buffer (▬), or in Tris buffer with a final concentration of 430 mM in boric acid (▬). The different overtones of the quartz crystal are represented by different lines. The time interval between the two vertical dashed lines corresponds to the cessation of flow of the dopamine solution over the quartz crystal, and its dilution by 3-fold.

Figure 3 :

 3 Figure 3: Hydrodynamic radii (first row) and concentration dependence of the diffusion coefficient (second raw) of PDA growing from A: 0.5 mM, B: 1.0 mM, and C: 2.0 mM dopamine, in three buffer solutions: K2PO4 (), NaHCO3 (£), and Tris (▲). The solid curves represent the fitting of the diffusion coefficients according to eq 5 of [51].

Scheme 3 :

 3 Scheme 3: structure of the most commonly used catecholamines (after dopamine) to produce PDA analogues: 1: norepinephrine, 2: L-DOPA, 3: caffeic acid which is a catechol not a catecholamine, 4: tyramine which is a derivative of phenol.

4 and 7

 7 positions (see Scheme 2). This result has been obtained by means of NMR experiments and are coherent with theoretical DFT calculations. These experiments have shown that the sulfur equivalent of DHI yields to a polymer of different structure than its DHI equivalent. As a consequence, its UV-vis spectrum is also different. In addition, the spin density of the DHBT based thiomelanin is an order of magnitude lower than the DHI eumelanin. Note also that the oxidation of the sulfur equivalent of dopamine, 2-(3,4-dihydroxyphenyl)ethanethiol does not yield a cyclic molecule but rather a disulfide[79].

Figure 4 :

 4 Figure 4: a: Snapshot of the simulated aggregate made of 375 DHI tetramers at the steady state of self-assembly. b: Typical TEM micrograph of PDA-O2 produced from the oxidation of dopamine (2 g.L -1 in aerated Tris buffer, at 50 mM and at pH = 8.5 after 24 h). c, d: High-resolution TEM images of PDA-O2 on other locations of the TEM grid. The inset of panel c shows a selected area electron diffraction (SAED) pattern taken from the green-boxed region. The red arrows indicate that molecules aggregate and form an onion-like nanostructure composed of stacked planes arranged in concentric rings.

Figure 6 :

 6 Figure 6: Thickness of PDA films versus contact time between a silicon substrate and a dopamine solution (2 g.L -1 ) in aerated Tris buffer (¡), and in Tris buffer with 30 mM CuSO4 (),

Figure 7 :

 7 Figure 7: A: FTIR spectra of PDA-NaIO4 and PDA-O2 powders obtained in solution after 22 h of oxidation in the presence of NaIO4 at various concentrations (as indicated in the inset) and in the presence of O2. B: 13 C-CP MAS NMR spectra of solid PDA-O2 and PDA-NaIO4 1, 5, and 10 mM. The characteristic chemical shift corresponding to C in carboxylic acids (177 ppm) is represented with a vertical line. C: Evolution of the surface topography, characterized by AFM, of PDA-NaIO4 films as a function of the deposition time.

Figure 8 :D

 8 Figure 8: A: 2 µm × 2 µm AFM surface topographies of PDA/oxidant-8 h films. B: Film thickness of the PDA/oxidant-8 h films as determined from topographical profiles determined in AFM images. C): dependence of the PDA/oxidant -8h film root-mean square roughness as a function of the image size. The data in part B and C correspond to 5 measurements ± one standard deviation. (): PDA/O2, () PDA/NaIO4, () PDA/CuSO4-H2O2, () PDA/(NH4)2S2O8 films.

Figure 10 :

 10 Figure 10: MALDI-TOF mass spectra of A: DOPA melanin prepared by alkaline autoxidation and B: DHI melanin prepared by the AISSP methodology. Asterisks « * » denote impurities.

Figure 11 :

 11 Figure 11: A: Scheme of the SECM direct mode approach for micro-structured PDA deposition. B: Comparison of film morphology in dependence of electrochemical deposition technique. (1) SEM image of a PDA spot deposited via pulse deposition with 10 pulse cycles; (2) PDA spot deposited via cyclic voltammetry (ten cycles), potential range -0.5 to 0.5 V vs. Ag/AgCl, scan rate 20 mV/s. C: Thickness of the PDA films in dependence of number of pulse cycles. The error bars correspond to ±1 standard deviation over 5 thickness measurements.

  dopamine and its aggregates in the DMSO/PBS co-solvent inhibiting their adhesion on the surface silanol groups. The coating on silica and quartz increased with the volume fraction of PBS in the co-solvent highlighting the specific role of DMSO. In addition the coating inhibition on Si based substrates was not observed either in acetonitrile/PBS or in acetone/PBS or N,Ndimethylformamide/PBS mixtures. The specific inhibition of PDA deposition on SiO2 from DMSO/PBS co-solvents was then used to specifically coat gold strips patterned on silica (Figure12)[64].
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 12 Figure 12:

Figure 13 .

 13 Figure 13. A: Evolution of PDA thickness on Si/SiOx (n), N-TiO2 (l) and Au (▲) substrates as determined by spectroscopic ellipsometry (full symbols) and XPS (empty symbols). B: Illustration of the formation pathway of PDA and interaction between different monomer units at the interface between the surface confluent PDA layer and the Si/SiOx, N-TiO2 and Au substrates. C: Evolution of surface and grain related parameters during the formation of PDA layers on Si/SiOx (n), N-TiO2 (l) and Au (▲) substrates. All parameters have been derived from the AFM surface topography and phase data. D: GAATR-FTIR spectra in the 1850-1400 cm -1 range of PDA layers formed on Si/SiOx (Purple), N-TiO2 (Green) and Au (Red) substrates after 2.5, 5, 10, 30, 60, and 240 min of polymerization. Spectra are displayed in offset full scale to stress the immediate spectral differences.
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  to 40 µm when blended with PEI[109], 20µm when Brittle membranes in the absence of additives like PEI blended with a catechol containing alginate[112] 

  

  

  

Table 1 :

 1 General overview of the film properties obtained with the different PDA deposition methodsIt appears clearly from Table
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