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			Abstract

			Inspiration from nature constitutes a new creative branch of materials science in general and of nanotechnology in particular. Inspired by the relatively well-defined size distribution of the eumelanin grains in the skin and by the presence of proteins on their shell, a strategy has been elaborated to produce a stable suspension of polydopamine nanoparticles capped with proteins to allow for many applications in nanomedicine and in biotechnology. Only proteins containing specific sequences in amino acid allow to control the size of the obtained nanoparticles in a protein/dopamine ratio dependent manner. This mini review summarizes the recent progress in this field.
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			Introduction

			Eumelanin is the black pigment produced in the skin by specialized organelles localized in melanocytes, the melanosomes, and affords protoprotection [1]. A similar material, called neuromelanin allows protection against oxidative processes in the central nervous system [2,3]. These materials appear in the form of (nano) particles with a well-defined and hierarchical size distribution [4] and are issued from the oxidation of L-DOPA the hydroxylated form of L-tyrosine and from dopamine in the case skin eumelanin and neuromelanin respectively. However, when L-DOPA or dopamine are oxidized in solution in the presence of various oxidants, among which the oxygen dissolved in water (in basic solutions) or sodium periodate, an insoluble precipitate is obtained in addition to a useful coating on the reaction vessel. This coating is adherent to almost all known materials and constitutes hence a universal surface functionalization method [5] but at the prize of huge lost in active molecules.

			Some trials have hence been attempted to oxidize dopamine (and other catecholamines) in controlled conditions by adding diverse molecules to the reaction medium in order to limit the aggregation of the formed oligomers with the final issue of precipitation. The synthesis using ammonia as a catalyst allows to produce stable nanoparticles [6,7], the addition of surfactants like sodium dodecyl sulfate or hexadecyltrimethyl ammonium bromide seems to restrict the formation of polydopamine in the surfactant vesicles [8]. Polymers like poly(vinyl alcohol) [9] and proteins from the egg white [10] and human serum albumin [11] were also found to allow to control the size of the particles issued from the oxidation of dihydroxyindole and dopamine respectively. These two last approaches seem very promising because the obtained eumelanin 

like particles incorporate some of the proteins used to control their size as the eumelanin grains from the skin do. These synthetic approaches are hence biomimetic in essence. But what makes proteins efficient in the control of the oxidation of catecholamines? Here again inspiration from nature appeared an efficient method. It is the aim of this mini review to describe how proteins can allow to control the oxidation and subsequent self-assembly of catecholamines, taking dopamine as a prototypal example. 

			Production of Stable and Size Controlled Eumelanin Like Nanoparticles in the Presence of Proteins

			A novel source of biological inspiration helped to find some issues in the problem of understanding what kind of amino acids or what kind of conformational structures could interact specifically with dopamine to control its oxidation and self-assembly. Chemical and biochemical analysis revealed that the chromaffin vesicles excreted by the adrenal gland are simultaneously rich in catecholamines and in proteins like chromogranin A (CgA) and B (CgB) [12] which mature upon controlled proteolysis to produce a repertoire of peptides having a broad range of biological activities like antimicrobial properties [13]. Most often, catecholamines are protected from oxidation in such vesicles. But occasionally, in specific metabolic conditions, an oxidative stress for instance, the chromaffin vesicles turn brownish implying catecholamine oxidation [14]. The possibility to control the oxidation of catecholamines leads to the assumption that among the pool of peptide sequences issued from CgA some of them should play a role in the control of the oxidation process and self-assembly of catecholamines into eumelanin like nanoparticles.

			The identification of such short oligo-peptides (10-20 amino acids) should greatly help in understanding the role played by proteins in the controlled self-assembly of eumelanin like materials in nanoparticles. Using size exclusion chromatography on dopamine-peptide mixtures after 16h of oxidation, we found that certain mixtures lead to peaks corresponding to molecular masses of a few hundred thousands of g.mol-1 whereas other mixtures lead to elution in the solvent front corresponding to large polydopamine-peptide particles. Knowing the amino acid sequence of the peptides allowing to control the size of polydopamine aggregates, we came to the assumption that peptides containing the KE diad of amino acids allow to control the self-assembly of polydopamine in solution under oxidative conditions [15]. Figure 1 shows the example of Chromofungin (KE containing) and Cateslytin (no KE in the amino acid sequence) interacting with dopamine in oxidizing conditions. Both of these peptides have an antimicrobial activity but the antimicrobial effect of chromofungin, the KE containing peptide, is lost in contact with dopamine and after its oxidation (Figure 1B). This strongly suggests that Chromofiungin binds to the obtained polydopamine based particles.
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			To confirm the hypothesis of the control exerted by KE diads, the investigation was then continued with short peptides containing the KE diad or peptides containing both amino acids spaced by one or two glycine (G) spacers. It was found that only one G between K and E suppressed all control over the size of polydopamine aggregates. In this case precipitates are formed during dopamine oxidation. To understand the influence of the KE diad on dopamine oxidation, molecular dynamics simulations were performed and it appeared that L-glutamic acid forms hydrogen bonds with the two hydroxyl groups of dopamine whereas L-lysine establishes cation-π interactions with the aromatic ring of dopamine (Figure 2).
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			This knowledge allowed us to test the validity of the assumption that the KE diad present in proteins exerts an influence on the oxidation and self-assembly of dopamine. Indeed we found that KE containing proteins like alkaline phosphatase (Figure 3A) and human fibrinogen allow to produce polydopamine particles of controlled size with an hydrodynamic diameter decreasing with an increase in the initial protein/dopamine ratio [15]. Looking back to human serum albumin, which is able to control the size of polydopamine particles, it contains indeed several KE diads. In addition to the size control of polydopamine nanoparticles, those KE containing proteins, inhibit film deposition on the surface of the reaction beaker (Figure 3B). On the other hand, other proteins like hen egg white lysozyme and bovine α-lactalbumin do not allow to control the size of polydopamine in the suspension and do not hinder its deposition on the beaker walls: they act as spectators in the oxidation-self-assembly of dopamine and do not contain KE, as expected from the previous results.

			 Those polydopamine@protein nanoparticles keep, at least partly, the biological activity of the used protein as exemplified with alkaline phosphatase and a glucose oxidase+peroxidase mixture. The obtained nanoparticles could also be deposited on surfaces in a layer-by-layer manner in alternance with the polycationic poly (ally amine hydrocholoride) [15]. The obtained films displayed a stable enzymatic activity for prolonged duration.

			Finally, the polydopamine synthesis time could be reduced from 24 to 6h by replacing the dissolved oxygen as the oxidant by sodium periodate without affecting nor the particles size neither their biological activity [16]. The particles’ size can be controlled down to 40-50nm (Figure 4) and reproduced in a twostep synthetic pathway: oxidation of the dopamine-protein mixture followed by dialysis against the desired buffer to remove non-incorporated proteins and small oligomers of oxidized dopamine.
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			All the obtained PDA@protein nanoparticles displayed extremely low cytotoxicity up to high concentration levels [15]. In a totally different approach the 6 tripeptides containing L-tyrosine, L-phenylalanine and L-aspartic acid where self-assembled in oxidizing conditions to yield nanostructures with sequence encoded size and structures [17]. 

			All these investigations highlight that catechols and catecholamines in interaction with proteins may constitute a fantastic tool in the design of nanomaterials with full biological functionality and extremely low cytotoxicity. All these materials are reminiscent of eumelanin grains found in the skin or in chromaffin vesicles. As such they already find interesting applications as described in the next section.

			Potential Applications of Eumelanin like Nanoparticles

			As eumelanin in the skin, the polydopamine@protein nanoparticles absorb light over the whole UV-vis spectrum and up to the infrared part of the spectrum with a very low fluorescence quantum yield [18]. Indeed the absorbed photons are mainly converted in heat a property which can be used for applications in photothermal therapy [6,19] even for real life biological applications because eumelanin and PDA are still able to absorb light in the near infrared window (however with much less efficiency than UV-light) for which biological tissues are partly transparent.

			Owing to their antioxidant properties those catecholamine-based nanoparticles are also efficient free radical scavengers [20]. In the spirit of bio-inspired materials, the PDA nanoparticles can be used to build-up films displaying structural colours as in the feathers of many birds [21]. The suspensions of PDA@protein nanoparticles are very stable during their storage and constitute hence an ink which may easily printed using 3D printers.

			Conclusion

			Nanoparticles made from the oxidation of catecholamine –protein mixtures or from polypeptides containing oxidizable amino acids are synthetic analogues of eumelanin grains in the skin and constitute new tools in nanomedicine. Further research is however required to better understand the influence exerted by amino acids sequences in the control of the oxidation-self assembly processes allowing to obtain such nanoparticles. It is likely that other amino acid sequences, in a similar case as the several amino acid sequences implied in cell adhesion, can exert specific interactions with catecholamines during their oxidation. The discovery of those sequences may certainly be facilitated using a biomimetic approach as the one presented in this article.
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Figure 1A: Size exclusion chromatography profiles of oxidized dopamine in the presence of Tris buffer (pH = 8.5) alone and in
the presence of Chromofungin (Chr) and Cateslytin (Cat). The pictures displayed in the inset show that polydopamine formation
occurs in all cases after 16h in the presence of O2 from the air. The detection wavelength was set at 280nm. The sequence of
both peptides is displayed on the top.

Figure 1B: Evolution of bacterial growth inhibition as a function of the peptide concentration (Cat in row a, Chr in row b) in the
absence and in the presence of dopamine (the peptide / dopamine ratio was constant and equal to 1/10 in all experiments). The
* symbol means that the inhibition is statistically not different from zero. Modified from ref.[15] with authorization.
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Figure 4: High resolution TEM images acquired simultaneously in high angle annular dark field (HAADF, left) and bright field
(BF, right) modes of polydopamine@ALP nanoparticles obtained after 6h of oxidation of a 10mM dopamine solution * 1 mg.mL"
ALP in the presence of 20mM NalO,. The particles synthesis was followed by extensive dialysis against S0mM Tris buffer at pH
8.5. Reproduced from ref. [16]
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Figure 3: Evolution of the hydrodynamic radius of polydopamine particles after 24h of oxidation at pH = 8.5 in the presence of
alkaline phosphatase (ALP) at different concentrations. The initial dopamine concentration was of 2mg.mL in all experiments.

Figure 3B: Deposition of polydopamine on quartz plates monitored at A=500 nm as a function of the oxidation time at pH =
8.5: in the absence of Alp (O) and in the presence of Alp at 0.1 (@) and 0.5 (@) mg.mL-1. As a control experiment Alp was also
preadsorbed during 1h from a solution at 1mg.mL-1 before the beginning of dopamine oxidation but in the absence of ALP (#).
Modified from ref. [15] with authorization.
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Figure 2:
Top part: Population analysis of the (N-GGKEGG-C (left) and N-GGKGEGG-C (right) peptides, as a function of the distance
between the center of mass (CoM) of the benzene ring and the N atom of the NH3+ group of the lysine residue and between the C
atom of the COO- of the glutamic acid ( E) residue and the center of mass of both ~OH groups of dopamine. Green colored regions
correspond to populations that are often observed whereas blue colored regions corresponds to populations that are seldomly
observed. White colored regions population that are never observed.

Bottom part: Typical snapshot of the dopamine - N-GGKEGG-C pair corresponding to the 2 most observed populations.
Reproduced from ref. [15].
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