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ABSTRACT: The role of noncovalent supramolecular self-assembly in the

formation of melanin-like NP, as well as the nature of the electronic transition at r § .

the basis of their unique optical properties, is strongly debated. Here we P ° A

demonstrate that, during the first stage of formation of synthetic melanin, I o N

polydopamine (PDA), a small fraction of the molecular precursor dopamine = H DAQ

(DA) is oxidized to quinone (Q) and a simple supramolecular charge-transfer

(CT) adduct is formed thanks to the electron donor and electron acceptor

properties of DA and Q, respectively. This adduct, also detectable by HPLC-

MS, presents the broad absorption band in the red-NIR region typical of

melanin-like materials. Importantly, its disaggregation upon dilution can be = IDAQ]

easily detected since it leads to the disappearance of the CT band, indicating the [DAl[Q] m

reversibility of the process. Moreover, the stability constant K of the CT adduct

could be obtained using a simple association model.

M elanin plays fundamental roles in Nature as pigment’ units constituting the system, but they arise from the interunit
and photoprotecting” and antioxidant agent”* in almost interaction and disappear as soon as the system disassembles in

any kind of living organism.” Materials that mimic the unique a reversible way.”*™*’ Here we will demonstrate, for the first

optical and electronic properties of melanin are finding, time, that melanin-like materials behave, in the early stages of

especially in virtue of their exceptional biocompatibility, their formation, exactly in this way, showing reversible,

technological application in fields of high economic and social concentration-dependent optical properties that reveal the

impact including material science,’ environmental remedia- supramolecular assembly and disassembly of molecular

tion,” and in particular, nanomedicine.®™"? Considering this components.

importance, the scientific community dedicated a great effort In particular, we will focus on the first stages of the

to understand the actual structure of melanin-like materi- formation of polydopamine (PDA, the synthetic eumelanin

als'*~"” and the origin of their optical and electronic analogue) NP synthesized starting from the molecular

properties.*~>* Indirect evidence of a contribution of precursor dopamine (DA, Figure 1) upon exposure to

atmospheric oxygen (see the Supporting Information for
details). Since experimental parameters like pH, concentration,
solvent composition, and kind of base are known to affect the
process, they were carefully controlled in our experiments.
These PDA NP have been reported to be formed through a
complex series of oxidation and polymerization, leading to the
formation of the characteristic broad band absorption
spectrum of synthetic and natural melanin that extends from
the UV to the NIR region, that confers to their water
suspension a typical dark brown color (see the Supporting

supramolecular self-assembly on the formation of complex
melanin-like structure has been suggested by several authors,”
but a definitive demonstration of this noncovalent self-
assembly process, and in particular of its reversibility, has not
been reported up to now. In fact, pure supramolecular,
noncovalent self-assembly is, at least from the thermodynamic
point of view, expected to be a reversible, concentration-
dependent process as observed for micellar systems, for
molecular aggregates, or for electron donor—acceptor com-
plexes”* that are at the basis of the formation of some
rotaxanes and catenanes.”® Electron donor—acceptor com-
plexes are particularly interesting in terms of optical properties Received: July 18, 2022
since”” their assembly has been reported to produce relevant Accepted:  October 5, 2022
change in the light absorption properties because of the Published: October 17, 2022
formation of new electronic transitions with charge-transfer

(CT) character.”® It is fundamental to underline that CT

electronic transitions are not localized on any of the molecular
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Figure 1. (a) Scheme of the self-assembly process occurring upon dopamine (DA) oxidation. Before the oxidation, the solution is not colored
(cuvette on the left); after 30 min oxidation, the solution is brown (cuvette on the right) because of the formation of a CT adduct (with stability
constant K) by the electron donor unit DA and the electron acceptor Q that is formed by partial oxidation of DA by atmospheric oxygen. (b) The
supramolecular adduct presents a CT band, and differently from the components, it absorbs in the red-NIR region.

Information).”*” After long exposure times of the reaction
precursor to atmospheric oxygen (24 h or more), PDA NP can
be indeed detected, in suspension, by dynamic light scattering
(DLS, hydrodynamic diameter dy; = 140 nm) and optical
transmission microscopy or observed by TEM or SEM (see the
Supporting Information).

On the other hand, focusing on the first stages of the
reaction that lead to the formation of PDA NP, we could
observe that the appearance of the broad absorption band
typical for melanin-like materials and hence of the dark-brown
coloration (shown in Figure 2a) is not directly related to the
PDA NP formation. In order to demonstrate this mismatch, we
combined UV—vis absorption spectroscopy to DLS analysis,
and dilution experiments as discussed below.

In fact, the actual formation of PDA NP resulting from DA
oxidation/polymerization,”* > was investigated by DLS since
this technique allows real time analysis of the reacting DA
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Figure 2. (a) Photographs of a solution of DA (15 mM) in EtOH/
H,0 1:3 with NH,OH 0.1 M taken every 30 min after its preparation
and exposure to atmospheric oxygen (the solution was continuously
stirred). (b) Absorption of the solution shown in (a) at 700 nm (2
mm optical path) at different times. (c) Red bars. Light scattering
intensity measured by DLS of the solution shown in (a) at different
times. Green squares: hydrodynamic diameter of the NP formed in
the solution shown in (a) as measured with DLS at different times.
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solution to detect NP formation. In particular, in Figure 2 we
plotted the intensity of the scattering, which depends both on
the concentration and on the size of the NP, and the measured
hydrodynamic diameter.

Figure 2 clearly shows that the scattering intensity is
negligible after 30 min of reaction, proving that no NP is
formed in this time period. On the contrary, the scattering
intensity becomes significant after 1 h of reaction and it
increases linearly up to 4 h after it stops. This result indicates
that the formation of PDA NP starts only 1 h after the
beginning of the reaction and it ends after 4 h. Additionally, as
shown in Figure 2, in this time interval the hydrodynamic
diameter of the NP is quite constant around 130—140 nm.

These results confirm that the color change observed after
30 min of reaction (Figure 2b) is due to small, weakly light
scattering species like molecular or supramolecular species. In
order to demonstrate the actual presence of noncovalent self-
assembled supramolecular structures acting as broad-band
absorbing species after 30 min of reaction, we performed
simple dilution experiments.

As discussed for other supramolecular systems,”’
of the formation of colored adducts resulting from noncovalent
supramolecular self-assembly, disaggregation is expected upon
decreasing concentration with a consequent disappearance of
the CT band. Hence, in order to demonstrate the actual
reversibility of the spectral change in the case of PDA and the
occurrence of a noncovalent self-assembly process leading to
species showing CT absorption, we compared the absorption
spectrum of the DA solution during PDA formation at two
difference concentrations for 4 h (taking into consideration the
dilution and difference in optical path). In particular, the first
concentration, ¢y, corresponds to the reacting DA solution
without any dilution with an absorption spectrum A, measured
in a 2 mm optical path. The second concentration, ¢,
resulted from a 100-time dilution of the ¢, solution, while its
absorption spectrum, Ay, was measured in a SO mm optical
path.

As a consequence, considering the difference in concen-
tration and optical path, in the case of no concentration-
dependent absorption, it would be expected A, = 44y, (see
the Supporting Information for details). On the contrary, in
the case of disaggregation upon dilution with concomitant
disappearance of CT absorption, 44, is expected to be lower
than A, in the absorption range of the CT transition.

in the case

https://doi.org/10.1021/acs.jpclett.2c02239
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In order to clarify that, in Figure 3 the absorption spectra A,
at different reaction times are reported as continuous lines and
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Figure 3. Continuous lines represent A, which is the absorption
spectra of a DA solution (15 mM) in EtOH/H,0 1:3 with NH,OH
0.1 M taken at different times after preparation and exposure to
atmospheric oxygen. The solution was continuously stirred, optical
path 2 mm. The same solutions were diluted 100 times, and the
absorbance was measured on a 50 mm optical path. In order to allow
a direct comparison of the absorbance, the trivial effects of simple
dilution and different optical paths were corrected by multiplying the
actual absorbance A,y by 4. Dashed lines represent 4A .

compared to the corresponding 4A,y, represented as dashed
lines. Figure 3 clearly shows that, during the first 4 h of
reaction, 4A,y, is considerably lower than A, This result is
extremely important since it demonstrates that the typical
absorption bands of PDA in the red-NIR region are strongly
reduced in intensity upon dilution during the first hours of
PDA formation indicating that (i) the PDA absorption bands
in the red-NIR region result, at least in part, from the reversible
noncovalent self-assembly of molecular components and that
(ii) the absorption bands are due to CT transitions. In order to
rule out that the change in the absorption spectrum was due to
simple hyper/hypochromic effect depending on the substrate
concentration, we compared the absorption spectra of DA at
the two concentration ¢, and c;og, observing that they perfectly
overlap showing no absorption in the vis—NIR region (see the
Supporting Information).

Going more into detail, as discussed in the Supporting
Information, the ratio between A, and 4A,y, can be used to
quantify the fraction of aggregated molecules still present upon
dilution. In particular, choosing 700 nm as a typical wavelength
of the PDA absorption, the fraction of molecule y, that is

disaggregated after dilution will be given by

X =1 — 4A100/A (1)

Therefore, the values of A, and 44y, at 700 nm, plotted in
Figure 4, were used to calculate the fraction of disaggregated
molecules upon 100 dilution according to eq 1. The results
clearly show that, after 30 min of reaction, a fraction as high as
73% of the molecules undergoes disaggregation, while this
fraction linearly decreases with reaction time.

In particular, after 24 h, dilution produces no disaggregation
and, as shown in Figure 3, Ay and 44y, perfectly overlap,
proving that an irreversible aggregation process occurs
involving formation of covalent bonds occurred. Additionally,

9831

pubs.acs.org/JPCL
1.0 0.8
[ free DA fraction
0.8 1
— u L 0.6
—_ — L]
£ 06 - Ao m
S ]
= ] L 04 8
=
< 0.4 . [ ] 4A100
n . - 0.2
02 - H
" e
HIE ]
0.0 B— T T T T 0.0
0.0 1.0 2.0 3.0 4.0

t (hours)

Figure 4. Black and red squares represent A, and 4A,y, shown in
Figure 3 at 700 nm. These values were processed according to eq 1 to
give the fraction of molecules undergoing disaggregation upon 100-
time dilution (gray bars).

the absorbance A, at 700 nm that increases linearly with time
in the first hours of reaction does not change anymore.

Since this work is focused on the investigation of the
reversible noncovalent self-assembly process occurring in the
first stage of PDA formation, and since Figure 4 clearly shows
that the contribution of this process is maximum after 30 min
of reaction, we performed a deeper investigation of the
reaction in the period of 30 min. In particular, in order to
identify the supramolecular species formed in this stage, we
used HPLC-MS. At the beginning of the reaction, only the
protonated DA is detected with a m/z = 154.4, but after 30
min, of reaction a second species with m/z = 301.2 is detected.
DA is known to undergo oxidation by oxygen, forming
different quinones such as indole-5,6-quinone (Q, Figure 1).
Interestingly, the species with m/z = 301.2 correspond to the
protonated adduct formed by DA and indole-5,6-quinone (Q)
schematized in Figure 1. This result demonstrates that, at the
beginning of the PDA formation reaction, a small fraction of
DA is oxidized by atmospheric oxygen to Q and then it
assembles with the excess of DA to give a CT adduct. This
process is driven by the electronic properties of DA and Q that,
according to electrochemical measurement, are respectively a
good electron donor and a good electron acceptor.”**

The self-assembly process of DA and Q_is schematized in
Figure 1, and it can be modeled with very simple equations. In
particular, in order to confirm the validity of the model
schematized in Figure 1, we performed a new experiment
where we measured the changes in the absorption spectrum of
the DA solution after 30 min reaction upon different dilution
(Figure 5), and not just upon 100-time dilution as in Figure 3.

By considering the following simple association equilibrium
(see the Supporting Information)

DA + Q = DA-Q )

with association constant K, a very simple dependency of the
absorbance on the concentration of D is expected according to

A=A_/(1 + 1/Kc) (3)

where ¢ is the concentration of DA, A, is a parameter
describing the absorbance in the red-NIR region in the case of
complete aggregation (see the Supporting Information), and A
is the actual absorbance measured. As shown in Figure S, the
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Figure 5. Red squares represent the absorbance at 700 nm of
solutions obtained by different dilutions of a DA solution (15 mM)
EtOH/H,0 1:3 with NH,OH 0.1 M that had been previously stirred
for 30 min in the presence of atmospheric oxygen. On the abscissa,
the concentration of DA at the different dilutions is reported. The plot
was fitted according to eq 3 with the black curve, giving a K = 1952
M.

concentration-dependent absorption at 700 nm could be
perfectly fitted with eq 3 giving K = 1952 M™%,

We would like to stress that FTIR, NMR, and XPS have
been used in the past to investigate the chemical structure of
melanin, giving important information. Nevertheless, these
techniques require sample processing and are not fast enough
for real-time investigation of the early stage of formation of
PDA, which is the purpose of this work.

Moreover, even if a wide variety of species generated from
DA have been detected in melanin-like nanoparticles after their
complete formation and isolation, our results show that the
early stage of the process involves the self-assembly of a single
oxidized form of DA and DA itself.*® Our results are not in
contrast with the previous works since they are compatible
with a further evolution of the system to give a larger variety of
species.

In conclusion, here we demonstrated that, in the first stage
of the reaction of DA with atmospheric oxygen, a broad
absorption band typical of melanin-like compounds is formed.
This band has CT character and can be attributed to a simple
supramolecular adduct composed by DA and its oxidized form,
Q, that can be directly observed by LC—MS. The interaction
between the electron donor species DA and the electron
acceptor Q is purely noncovalent, and it is reversible upon
dilution. Aggregation can be modeled with a simple one to one
association stoichiometry giving a stability constant K = 1952
ML, These important results demonstrate that (i) the broad
bands in the red-NIR region typical of melanin have charge-
transfer character and can be attribute to CT interactions
between defined chromophoric units and (ii) the formation of
melanin-like materials undergoes initial stages regulated by
simple reversible supramolecular self-assembly. These results
open a new perspective in the understanding of the complex
process involved in the formation of melanin-like nanomateri-
als, species that are finding outstanding applications in
important social and economic fields.
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