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Abstract

Dopamine is an efficient building block to produce a versatile coating polymer able to adhere on a vast repertoire of material
surfaces. Polydopamine, a dark-bioinspired polymer, is produced by the self-assembly of the dopamine under aerobic condi-
tions in an alkaline environment. The presence of oxygen is crucial for self-polymerization of dopamine in aqueous solution.
In this manuscript we show that is possible to drive the polymerization in absence of oxygen exploiting the metabolism of

anaerobic photosynthetic purple bacteria.

Introduction

Dopamine (DA) is the product of the enzymatic decarboxyla-
tion of its precursor 3,4-dihydroxyphenylalanine (L-DOPA,
Fig. 1a) and is a widespread neurotransmitter in living
organisms. The DA structure contains a central benzene ring
substitute with two hydroxyl groups in position 1 and 2,
forming a catechol which is further substituted with an eth-
ylamine group in position 4. The molecule has a pK = 8.93
and at slightly alkaline pH, and in presence of oxygen or
some other oxidant, forms—at room temperature—the dark
polydopamine (PDA), a polymer with excellent coating
properties. The first report of PDA coatings as simple and
versatile strategy for surface modification dates back in 2007
[1] inspired by the composition of adhesive proteins that
mussels (Mytilus edulis) secrete to strongly adhere to wet
surfaces [2]. The foot proteins in the byssal adhesive plaque
of the mussels are rich in L-DOPA and lysine and it has been
demonstrated that the strong covalent and noncovalent inter-
actions with substrates is produced by phenolic hydroxyl/
quinone groups of DOPA [3]. Furthermore, lysine plays an
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important role in cross-linking, resulting in solidification of
the liquid secreted adhesive protein [3-7].

The mechanism of PDA formation is yet under debate,
but it begins with an auto-oxidation reaction [1] of the DA to
the dopamine quinone (DQ) via dopamine semiquinone. DQ
undergoes a Michael-type intramolecular cycloaddition reac-
tion, forming leucodopaminechrome (DAL) which, in turn,
is further oxidized to form the 5,6-dihydroxyindole (DHI,
Fig. 1b). The polymerization mechanism of DA (Fig. 1c) is
unclear, and nowadays several patterns are equally accepted
and competitive: PDA is a covalent polymer and also a
supramolecular aggregate of 5,6-dihydroxyindole mono-
mers [8—10].

The commonly used protocol for PDA production typi-
cally requires alkaline condition (2 mg/mL of commercially
available dopamine hydrochloride in 10 mM TRIS buffer
at pH 8.5), which ensures the deprotonation of the amino
group required for the intramolecular Michael addition
[11]. The presence of O, as an oxidant is crucial for the
self-polymerization of DA [12, 13] and the rate of polym-
erization can be changed by changing the oxygen concen-
tration [14]. The partial removal of O, is detrimental for
the polymerization process slowing down its kinetics. This
easy one-step process produces a non-unique and inhomo-
geneous set of PDA structures and is not yet completely
understood; it suffers from low selectivity, is hard to control
in situ [15], and depends strongly on the reaction conditions
including the reaction time, pH, and temperature. Dopamine
polymerization can be also achieved under acidic conditions
(pH 4.0) using strong oxidants such as sodium periodate or
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Fig. 1 a Enzymatic decarboxylation of L-DOPA into DA b Self-oxi-
dation of DA to dopamine quinone (DQ) and leucodopaminechrome
(DAL). Oxidation of this molecule and subsequent rearrangement
resulting in the formation of 5,6-dihydroxyindole (DHI). ¢ Dimers
and higher order oligomers dimers self-assemble to form PDA

ammonium persulfate that have a strong impact on PDA film
composition and structure [12]. The oxidation can also be
obtained by UV irradiation [16] and transition-metal ions
that have been shown to catalyse dopamine oxidation in
weakly acidic solutions [17].

The structural similarity of PDA with melanin-like mate-
rials is relevant in the scientific panorama, specifically for
the synthesis of biocompatible adhesive coatings. PDA,
thanks to its numerous redox-active quinone and catechol
groups, facilitate the extracellular transfer of photosynthetic
electrons produced by anoxygenic phototrophic bacteria,
a major group of photosynthetic microorganisms widely
distributed in Nature [18]. One of the most investigated
photosynthetic anoxygenic microorganisms is the purple
non-sulphur bacterium Rhodobacter (R.) sphaeroides. The
unique feature of photosynthetic organisms to drive their
metabolism by capturing solar light [18-20] makes this
microorganism a model system for several intriguing and
sustainable applications spanning from bioremediation of
polluted sites [21, 22] to optoelectronics [23—28] thanks also
to their ability to cope with inorganic nanosized materials
such as single-wall carbon nanotubes [31].

The green mutant strains R26 of R. sphaeroides used in
this work lacks the carotenoids and their photoprotective
role and consequently, this strain is extremely sensitive to
oxygen. Here the self-polymerization of DA in both aerobic
and anaerobic environment was investigated and compared
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to the polymerization in presence of the mutant strain, under
strictly anoxygenic conditions.

Materials and methods
PDA synthesis

Dopamine hydrochloride (MW = 189.64 uma, CAS 62-31-7)
and all chemicals were obtained from Sigma-Aldrich, except
for yeast extract obtained from Biolife. All chemicals were
used with no further purification. Four dopamine solutions
were prepared, dissolving, respectively, 0.1 mM, 0.4 mM,
1 mM and 3.5 mM of the monomer in a growth medium pre-
viously optimised for culturing photosynthetic bacteria [29].
The formation of PDA was conducted under aerobic con-
ditions (open vial) and under anaerobic conditions (closed
vials previously bubbled with nitrogen).

Experiments were performed in triplicate at increasing
concentrations of DA and the formation of PDA was moni-
tored for about 60 h by measuring the absorbance at 535,
588 and 660 nm using a Dr. Lange photometer.

Bacterial growth

Bacterial cells of strain R26 of R. sphaeroides were obtained
by the German Collection of Microorganisms and Cell Cul-
tures (DMSZ) and grown in the culture medium [29]. Dopa-
mine hydrochloride (ranging from 0.1 mM to 3.5 mM) was
added into the medium under anoxygenic conditions, deplet-
ing oxygen by nitrogen insufflation. Biological triplicate of
R. sphaeroides R26 was inoculated at a starting concentra-
tion of 1+0.5% 10° CFU/ml (ODs35 ~0.3) and incubated at
room temperature for 4 h in the dark for the consumption
of residual oxygen by cellular metabolism. Then, cultures
were incubated at 28 °C under steady illumination by quartz
halogen lamp (80 W) placed 25 cm away from the vials. Cell
densities of the triplicate of unexposed and exposed bacteria
at increasing concentrations of DA were monitored for about
30 h by measuring the absorbance at 535, 588 and 660 nm
using a Dr. Lange turbidimeter. Heat-inactivated bacteria
were used as control.

The autoxidation of dopamine and the consequently poly-
dopamine formation was carried out at room temperature at
pH 6.9 in a bacterial growth medium under oxygenic and
anoxygenic conditions.

Results

A rapid increase of the optical density (OD) is observed
in the first ten hours of the polymerization reaction at
588 nm (Fig. 2a). The initial polymerization rate depends
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Fig.2 a The optical density (OD) of the self-polymerization of DA in
aerobic (red dots) and anaerobic (black dots) conditions at [DA] rang-
ing from 0.1 mM to 3.5 mM, over time (in hours). OD was recorded

poorly (Fig. 2b) on the initial monomer concentration pass-
ing from~0.6 h™! to~ 1.5 h™!; this increase is ascribed to
the residual oxygen in the bacterial growth medium. Once
residual oxygen is consumed, the polymerization cannot pro-
ceed further and the OD reaches a plateau. Under oxygenic

at 588 nm. b Initial polymerization rate of DA in aerobic (circle) and
anaerobic conditions (dark circle)

conditions, the polymerization is sustained much longer, as
expected because of the unlimited presence of oxygen, and
depends markedly on the initial DA concentration, increas-
ing by a factor of six passing from 0.1 mM to 3.5 mM. A
similar trend was registered also when recording the optical
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density at 535 and 660 nm (Supplementary Fig. S1). The
initial polymerization rate acquired after four hours of dark
(Fig. 2b) shows that no particular differences were observed
between oxygenic and anoxygenic conditions for low con-
centrations of DA, but the polymerization rate is faster when
oxygen is not depleted at higher concentrations, confirming
its role as a catalyst in DA oxidation and PDA formation at
1 and 3.5 mM.

To better investigate the role of oxidative agents in the
polymerization process, bacterial cells of the photosynthetic
R. sphaeroides 26 were grown under anaerobic conditions in
presence of the same four concentrations of DA previously
tested. The optical densities of the growing bacterial cul-
tures are shown in Fig. 3 at different DA concentrations as
red dots while the negative control experiment showing the
growth of the photosynthetic bacterium in plain medium not
supplemented with DA, are shown as black squares. Con-
sistently, the OD of the bacterial cultures containing DA
are higher than the control, with the sole exception of the
lowest DA concentration. In this case, DA exposed bacte-
ria and the control showed similar behaviour. At least at

[DA]=0.1 mM, the monomer does not show any detrimental
effect on the bacterial growth. At higher DA concentration,
in absence of oxygen, any detrimental effect of the monomer
would result in a lower bacterial growth compared to con-
trol. The OD would hence result lower in exposed bacteria
than in unexposed. Instead, bacterial growth performed at
higher DA concentrations show a higher OD than the con-
trol, implying the contemporary increase in the biomass and
the formation of PDA which absorbs at 588 nm [30]. If oxy-
gen were the sole source of oxidative power for dopamine
polymerization, the OD at 588 nm of bacterial growth in
presence of DA would be comparable to the control experi-
ment as no polydopamine would form in anoxygenic condi-
tions [12—-14]. Furthermore, if the monomer DA had any
toxic effect, it would limit the anoxygenic bacterial growth,
since no or very little PDA would form, and the OD of bac-
terial growth should be lower than the controls (Fig. 2a).
To confirm that the presence of growing bacteria pro-
motes the polymerization of dopamine, replacing the oxygen
role, a further experiment with inactivated R. sphaeroides
cells was performed is shown in Fig. 4 where healthy and

°¢1 0.1 mM 2 124 0.4 mM "
E2
0,7 : - &
. 04
0,6
0,8
~ 0,51 ° -~ ] L]
C = © 2 - "
°
204 - 206 o
o a o
O 03 O ]
0,44 =
| |
0,2
0,24
0,1
.:l“" :::::::
0,0+ 0,04
T T T T T T 1 T T T T T T 1
0 S 10 15 20 25 30 10 15 20 25 30
. time (h) 2.0+ time (h)
1,6 4
1mM 2 g 1,8 3-5 mM ee © o o0
1.4 4 16:
8 ® '
1,2 Py 1,44
~ 1,01 ~ 124
© T
=08 . s
o " o
O 06- = i .t
@
- 0,6
0.4 - " 04_‘ 4 o
ee®?® ! 00.. s
0,24 oe® 02 o0
0'0_ ..-llll 0‘0: .--.-..
T T T T T T 1 T T T T T T 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
time (h) time (h)

Fig. 3 OD of bacteria unexposed (in black) and exposed (in red) at four concentrations of DA under strictly anoxygenic conditions over time
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Fig.4 Effect of the inactivated Rhodobacter sphaeroides R26 cells
on the polymerization of [DA] = 1 mM under anoxygenic conditions
recorded at 588 nm

inactivated bacteria are exposed to dopamine in the polym-
erization process under anoxygenic conditions. The curve
of inactivated R. sphaeroides cells grown in medium sup-
plemented with dopamine and under anoxygenic conditions
(empty triangles) follows the same trend of sole dopamine
solution (empty dots). A difference in the initial OD is due
to the absorption of inactivated cells. As control, the bac-
terial growth of metabolically active bacterial cells is also
represented in Fig. 4.

Conclusions

We have shown a novel, alternative route to the formation
of polydopamine in absence of oxygen by exploiting the
anoxygenic metabolism of the purple photosynthetic bac-
teria. Oxygen represents the most relevant oxidant for the
formation of this important biocompatible polymer; hence
this alternative route may be of interest for the formation
of adhesive polydopamine layers in environmental condi-
tions where oxygen is not available. Further comparative
experiments with other strains of purple bacteria will help
to address some mechanistic details of the polymerization
reaction.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1557/s43580-023-00566-6.
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