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Abstract: Melanin-like nanomaterials have found application
in a large variety of high economic and social impact fields as
medicine, energy conversion and storage, photothermal
catalysis and environmental remediation. These materials
have been used mostly for their optical and electronic
properties, but also for their high biocompatibility and
simplicity and versatility of preparation. Beside this, their
chemistry is complex and it yields structures with different
molecular weight and composition ranging from oligomers,

to polymers as well as nanoparticles (NP). The comprehension
of the correlation of the different compositions and morphol-
ogies to the optical properties of melanin is still incomplete
and challenging, even if it is fundamental also from a
technological point of view. In this minireview we focus on
scientific papers, mostly recent ones, that indeed examine the
link between composition and structural feature and photo-
physical and photochemical properties proposing this ap-
proach as a general one for future research.

1. Introduction

The most important roles of melanin in nature are photo-
protection and coloration, and both involve interactions with
light.[1] However, activation of melanin by light may also
promote harmful illnesses such as cancer.[2] Therefore, the
understanding of the photophysical and photochemical proper-
ties of this natural pigment is essential to unveil its biological
function. Nevertheless, a complete characterization of melanin
is complicated since i) the classification of the different forms of
melanin present in nature (eumelanin, pheomelanin, neuro-
melanin, allomelanin, and pyomelanin)[3] is not trivial and it is
mostly based on the nature of the molecular precursors
involved in their biosynthesis ; ii) it is difficult to characterize
the pigment extensively in its native form and iii) it is difficult to
assess if the extractive processes do not alter its nature.[4]

The advent of synthetic melanin-like materials represented
a real breakthrough, since these materials combine the unique
optical and electronic features of natural melanin with an
impressive simplicity and versatility of preparation.[5] Since the
preparative processes mimic, to a large extent, the proposed
natural pathway,[3b,6] in many cases synthetic melanin-like
materials have not only found a large variety of light-based
applications, but also they have become a model for the
investigation of the structure of the natural pigment.[7]

In this context, an impressive number of scientific papers
have been published discussing the actual structure of
melanin[8] and in particular its polymeric or supramolecular
nature,[9] while on the other hand the detailed investigation of
the photophysical and photochemical properties of melanin-
like materials is still incomplete.[10] Even though the fascinating

debate about the actual structure of melanin has still not come
to an end, in this minireview we would like to discuss the
correlation of the photophysical and photochemical properties
of the melanin-like materials with their variable chemical
compositions and morphologies. In this perspective, it should
be underlined that although the existence of several different
building-blocks in melanin-like materials is almost generally
recognized,[11] it is still debated: i) what is the actual chemical
composition and distribution of the different species and ii)
how these components interreact and to what extend covalent
and non-covalent (supramolecular) interactions are involved in
the stabilization of the structure.[12] In this context, proposed
structures and non-covalent interactions are schematized in
Figure 1.

As far as the morphology of melanin-like materials is
concerned, as schematized in Figure 1, they are typically
produced as: i) self-standing NP;[13] ii) surface adsorbed films;[14]

iii) high molecular weight water soluble polymers and
aggregates[15] and iv) low molecular weight components. Since
intercomponent interactions are known to strongly affect the
photophysical and photochemical properties of the different
units,[16] it is believed that a connection of these features with
the possible structure and morphology are essential. More in
detail, in the first part of this minireview it is described briefly
that very similar reactions may lead to the formation of
melanin-like materials that differ considerably in morphology
and in physical and chemical properties. In the second part, the
most relevant photophysical and photochemical studies done
on melanin-like materials are summarized trying to correlate
them to chemical, structural and morphological information,
when available. Even though, this study cannot be exhaustive
because of the lack of a systematic investigation in the
literature, this approach can be fundamental for a rational
understanding of the optical properties of melanin-like materi-
als both for a correct interpretation of the behavior of the
natural melanin-based pigments and the development of new
better performing artificial devices.

[a] A. Mavridi-Printezi, A. Menichetti, M. Guernelli, Prof. Dr. M. Montalti
Department of Chemistry “Giacomo Ciamician”
University of Bologna
Via Selmi 2, 40126, Bologna (Italy)
E-mail: marco.montalti2@unibo.it

This manuscript is part of a special collection dedicated to Vincenzo Balzani
on the occasion of his 85th birthday.

Selected by the Editorial Office for our Showcase of outstanding Review-type
articles http://www.chemeurj.org/showcase.

© 2021 The Authors. Chemistry - A European Journal published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited.

Chemistry—A European Journal 
Minireview
doi.org/10.1002/chem.202102479

16310Chem. Eur. J. 2021, 27, 16309–16319 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Dienstag, 16.11.2021

2166 / 222564 [S. 16310/16319] 1

http://www.chemeurj.org/showcase
www.chemeurj.org


2. Different Morphologies and Structures of
Melanin

Artificial melanin-like materials are widely exploited both as
models for the understanding of natural melanin and for
technological applications.[17] Typically, they are prepared by
the oxidation and polymerization of one or more of the
molecular precursors listed in Figure 1. Even if the products of
this process are often referred as melanin, the kind of nano-
structures that can be simultaneously obtained are several and

they can evolve during time. For example, a precursor as
dopamine (DA) can form, in alkaline environment, polymeric
films that are adsorbed efficiently onto almost every kind of
surface, but also low and medium molecular weight water
soluble species, as well as high molecular weight very
monodispersed large NP. Depending on the kind of application
and investigation, the various research groups were focused on
different products of the process, like on the film instead the
NP. For example Messermith and Lee mainly focused on
melanin-coatings,[14] while other research groups, such as
Gianneschi’s, focused more on melanin-like NP demonstrating
for example their role as powerful agents for photoprotection
and radical scavengers[13,18] or their use as building block for
structural coloration.[19]

2.1. Melanin NP

Artificial melanin NP are very interesting nanomaterials that
efficiently mimic the natural pigment that is present in the
human organism in the form of granules, melanosomes.[13]

Melanin NP have been prepared from different precursor such
as Dopamine, L-DOPA, 1,8-dihydroxy naphthalene, DHICA[3b] in
the presence of chemical oxidants (in the simplest case
atmospheric oxygen in alkaline environment) or by enzymatic
oxidation.[8] Although not always clearly mentioned, typically,
products other than NP are obtained in the process.[9a,20]

Regarding the NP, different approaches are exploited to achieve
mono-dispersity and size control of the formed NP. For
example, polymerization of DA in ethanol/water mixture in the
presence of oxygen and ammonia can lead to size-controlled
polydopamine (PDA) spheres that can be separated simply by
centrifugation. In particular, the size of the NP can be controlled
by tuning the ratio of ammonia to dopamine.[21] Alternatively,
NaOH can be used as a base and in this case the size of the NP
can be also controlled by changing the synthesis temperature
and the amount of the base.[22] Moreover, specific function-
alities, such as TEMPO, can be incorporated in the PDA matrix
by copolymerization of DA with specifically functionalized
precursors.[18] In the case of L-DOPA, oxidation by oxygen does
not lead to the formation of a relevant fraction of NP and
stronger oxidants such as Potassium permanganate (KMnO4)
are needed for the formation of L-DOPA NP. Another possibility
is the chemo-enzymatic (tyrosinase and buffer) synthesis of the
same type of melanin NP.[23] In addition, KMnO4 (or sodium
periodate NaIO4) has been used for the synthesis of allomelanin
NP starting from 1,8-DHN at ambient temperature.[24] In the
case of DHICA, TiO2 can be used as a polymerization catalyst for
the synthesis of NP.[25] Concerning pheomelanin NP, they can
be synthetized either by using as precursors L-DOPA in
combination with tyrosine, either by starting the synthesis from
the heterodimer 5-S-cysteinyl-DOPA. In the first case, the
synthesis of NP is obtained by mixing L-DOPA and cysteine in
water using KMnO4 as an oxidant at room temperature.[26]

Starting from the heterodimer, a different synthetic approach is
used for the synthesis of NP that are formed in PBS at pH=7.4
and in the presence of different amount of L-DOPA.[27]
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In order to understand the formation of the NP, the
interactions involved in their genesis have been widely
discussed.[28] It is interesting to note that Gianneschi’s group
recently demonstrated that the dimers obtained in a controlled
way from an allomelanin precursor do indeed self-assembly via
non-covalent interaction forming either nanospheres or nano-
sheets (Figure 2).[29] An important novelty of this investigation is
that the formation of purely self-assembled nanostructure was

revealed by proving the reversibility of the process. In fact, the
dimers are soluble in acetonitrile (CH3CN) and they assemble
into large nanostructure, with a morphology which can be
controlled to be also anisotropic upon addition of water. In
addition, the resulting NP can be disassembled by redissolution
in CH3CN demonstrating the reversibility of the process and the
non-covalent nature of the interactions. In alternative, the
formed structure can be covalently polymerized by ammonia-

Figure 1. a) Precursors involved in the biosynthesis and synthesis of melanin and melanin-like materials. b) Schematization of the different components
produced during the synthesis. c) Representation of non-interacting components in solution. d) Possible interactions between the components. e)
Schematization of the composition of melanin-based coatings. Proposed structures for f) eumelanin, g) pheomelanin, h) pyomelanin. i-k) Proposed
supramolecular interactions (π- π stacking, H-bonds and H-aromatic) between monomers and oligomers.

Figure 2. A) Schematic illustration of the dialysis-mediated self-assembly of three different 1,8-dihydroxynaphthalene (DHN) dimers. The supramolecular
structure of the three different DHN dimers (4-4’, 2–4’ and 2–2’) are shown. Their self-assembled materials are reported as SA. B) (i) TEM image, (ii) scanning
electron microscopy (SEM) image of 4–4’-DHN-SA. C) (i) TEM image, (ii) SEM image of 2–4’-DHN- SA. D) (i) TEM image, (ii) SEM image of 2–2’-DHN-SA using
scale bars 600 nm. Reprinted with permission from Ref. [29]. Copyright 2021, Wiley-VCH.
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induced solid-state polymerization. Going to enzymatically
produced L-DOPA NP, a new investigation revealed that smaller
particles (around 40 nm) aggregate to finally give bigger
spherical particles uniform in size and diameter of 200 nm.
These aggregates maturate in time increasing their density and
the process stops when a final size of 200 nm is reached.[9b] The
overall photophysical and photochemical properties of melanin
based NP depend both on the nature of the chromophores
formed during their growth and on the interchromophoric
interactions. The most recent studies for the investigation of
these features are based on ultrafast transient absorption
spectroscopy, as discussed in section 4.2.

2.2. Melanin-like films

Adherent PDA films can be easily formed onto almost any
surface by simple dip-coating of the substrate into a solution of
dopamine at alkaline pH.[14,30] The deposition kinetics of the
PDA film can be affected not only by the nature of the buffer
(amine-containing buffer like Tris or other), but also by the
oxidant (oxygen or other).[31] The structure of these films was
investigated by Messersmith group, that studied the retraction
of a PDA-coated cantilever from an oxide surface during the
coating process. The results revealed the formation of long
chain polymers with length up to 200 nm.[15] Although the
previous work clearly demonstrated the presence of a polymeric
fraction of PDA in the coating solution, it does not completely
rule out the possible formation of other species. Indeed, in a
more recent work the same authors took into consideration the
presence of low molecular weight components in the film, as
well as of adsorbed NP hundreds of nanometers in size
(Figure 3).[32] The photophysical and photochemical properties
of melanin-based film reflect the presence of monomers,
oligomers, polymers and NP as discussed in section 4.

2.3 Non-NP water soluble melanin

Although not always discussed in detail in the literature,
depending on the oxidation conditions and the pH, some
melanin precursors yield dark water soluble products that share
many of the optical properties of melanin and in particular a
broad absorption band extended from the UV to the NIR
region.[33] A relevant case is the product obtained by the
oxidative-polymerization of L-DOPA in ammonia solution at
pH 8.0[34] that has also been recently investigated in detail by
ultrafast transient absorption spectroscopy (UFTA).[35] Impor-
tantly, dynamic light Scattering (DLS) analysis of the resulting
water solution did not show the presence of any suspended
particulate and (transmission electron microscopy) TEM analysis
revealed the presence of graphite-like stacked layers in the
dried material. It is interesting to note that in this case the
diffraction pattern detected was compatible with an in-plane
periodicity comparable to the spacings in graphene quantum
dots and graphite. Moreover, Raman spectroscopy also con-
firmed the graphene-like nature of this artificial melanin
compound. These observations open a totally new perspective
on the possible nature of synthetic melanin but, consequently,
also on the natural one. Unfortunately, a more detailed
characterization of this water-soluble melanin directly in
solution is still missing. Just as importantly, it should be
underlined that also in the case of the synthetic protocols that
lead to the formation of melanin-like NP, only a minor fraction
of the product can be isolated in this form. At the same time,
after the removal of the NP by centrifugation, most of the
reacted precursor remains in solution in a water-soluble form.
We suggest that a more detailed investigation of the photo-
physical and photochemical properties of these non-NP melanin
would be fundamental to better understand the mechanism of
formation of melanin NP.

Figure 3. a) Atomic force microscopy (AFM) images with line-scan profiles, optical microscope images and SEM images of a pristine PDA at 1.9 W and b) AFM
images with line-scan profiles, optical microscope images and SEM images of laser-annealed PDA at 1.9 W. Reprinted with permission from Ref. [32]. Copyright
2020, Nature portfolio.
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2.4 Low molecular weight products

Although natural melanin has been reported to be a largely
insoluble pigment,[28] low molecular weight products of oxida-
tion/condensation of melanin precursors have been detected in
various synthetic systems. For example, a significant amount of
unpolymerized dopamine has been identified in PDA forming a
self-assembled complex with 5,6-Dihydroxyindole (DHI).[9a] In-
deed, via various characterization techniques the smaller
molecular fragments of the synthetic pigment have been
recognized, as well as their intermolecular interactions. Funda-
mentally, proofs of open-chain dopamine monomeric units and
PDA oligomers in a different state of (un)saturation have been
reported bibliographically.[36]

3. Supramolecular Interactions in Melanin

Supramolecular interactions have been reported to play an
important role in the formation and stabilization of melanin-like
materials.[37] A strong support to this model is the observation
of artificial and natural melanin by high resolution TEM images
that showed the presence of aggregates with onion-like nano-
structures resulting from stacked planes arranged in concentric
rings.[38] The spatial period obtained by Fourier analysis was
3.7–3.9 Å depending on the position in the onion-like structure.
Chen et al. explained this result by simulating the self-assembly
of tetramers of 5,6-dihydroxyindole showing that these mole-
cules tend to give non-covalent π-π stacking secondary
structures, with an interlayer distance of about 3.3 Å. The self-
assembly of molecular precursors has been also demonstrated
in solution by techniques as liquid chromatography, mass
spectrometry and spectrophotometric analysis,[39] and has been
predicted by simulation.[40] Typical patterns arising from
supramolecular interactions involved in melanin-related materi-
als are schematized in Figure 1 i-k. Regarding the formation of
NP, the hierarchical structure of melanin has been demon-
strated following the growth of artificial melanin NP. According
to Strube and coworkers, the formation of melanin NP is the
result of a four-level process that starts from i) the formation of
oligomers and then follows ii) the aggregation in proto-particles
of 1 nm size; iii) the assembly of the proto-particles into type-A
particles (size 10 nm) and iv) the final formation of type-B
particles of 100 nm.[9b,41]

4. Photophysics and Photochemistry

4.1. Light extinction properties

As it is well known, eumelanin in solution, but also in the
condensed phase, possesses a characteristic monotonic broad
band UV-Vis absorption spectrum which extends also to the NIR
region.[10] However, quantifying the actual ability of melanin to
absorb light at the different wavelengths is really important. A
first critical point is that the molar absorption coefficient, ɛ,
typically used for molecules, can be applied to melanin only in

solution and it requires the ability to determine the molar
concentration, that is a difficult accessible information. Never-
theless, some attempts for the understanding of the light-
related parameters of melanin have been reported biblio-
graphically. To begin with, Piletic et al. reported at 750 nm an
ɛ=1500 and 3200 M� 1cm� 1 for Sepia eumelanin and synthetic
pheomelanin respectively.[42] In the case of films, Bothma et al.
reported for synthetic eumelanin an absorption coefficients, α,
of 9×106–1.3×106 m� 1 from 400 to 800 nm.[7d,43] In the case of
melanin NP, also light attenuation needs to be considered due
to scattering. These NP have a relatively high refractive index
taking into consideration that conventionally an arbitrary value
of 2.0 was used for optical simulations of the refractive index.[44]

Nevertheless, the exact value of refractive index is still debated
and it almost certainly varies between different melanin
chemistries. Kurtz et al., for example reported for sepia-ink
melanin a refractive index of 1.66 at the wavelength of
633 nm.[45] In general, the extinction spectrum (that considers
both light absorption and scattering) of melanin-like materials
is relatively independent on the particle size.[22] In fact, although
Rayleigh and Mie scattering have to be considered, it was found
that scattering contributes less than 6% to the optical
attenuation[46] and electronic transitions mostly contribute to
light extinction.[35] Nevertheless, the actual nature of the
electronic transitions involved in melanin is still largely unex-
plored. Regarding this, the possible presence of charge-transfer
transition was recently, in part, ruled out since reductive
treatment was reported not to affect the absorption spectrum
of the bigger sub-units in the case of PDA NP.[22]

4.2. Ultrafast transient absorption

Photophysical processes following light absorption by melanin-
like materials occur in the scale of femto to nano-seconds.[47]

Ultrafast transient absorption spectroscopy (UFTA) is hence
fundamental for the understanding[48] of the connection
between composition, structure and the physicochemical
properties of melanin and it was proposed for the identification
of the possible differences between the various artificial
pigments and the natural one. Initially, research was mainly
focused on the different photoreactivity of pheomelanin and
eumelanin, already reported in 1980,[49] and was further
investigated using UFTA some years after in both the UV and
the Vis region comparing naturally extracted sepiamelanin to
enzymatically produced synthetic pheomelanin.[50] Based on
UFTA, it was hypothesized that artificial pheomelanin can
aggregate in structures of different size which are responsible
for the multi-exponential dynamics, while the transient species
was recognized as the S1 excited state.[50a] In further studies, low
molecular weight fractions of pheomelanin showed similar
photophysics to the aggregated pheomelanin, but different
absorption spectrum from the bulk pigment.[50c] When human-
extracted pheomelanosomes and eumelanosomes were tested,
it was found that pheomelanin is more prone to cause cellular
damage through UV-induced ionization.[50d] Even if the harsh
chemical conditions may alter the pigment after the extraction,
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studies on DNA have also demonstrated that indeed photo-
reactions of melanocytes are involved in the formation of long
lived excited states.[51] In some cases, the photochemistry of
eumelanin was interpreted through the study of catechol and
their derivatives that are considered to be the building blocks
of the pigment.[52] More in detail, the intermolecular hydrogen
bonding between the units of eumelanin was explained using
o-quinone heterodimer as a model.[52a] By selectively exciting
only the o-quinone of the heterodimer at 365 nm, the singlet
excited state formed could cause photoinduced hydrogen
transfer to the catechol leading to semiquinone radical pairs. In
a picosecond (ps) time scale, the same could also occur after
inter-system-crossing from the excited triplet. In both cases, a
long-lived radical pair was formed which did not recombine
after 2.5 ns. In another work, the effect of aggregation was
investigated using 4-t-butylcatechol as a model.[52b] This mole-
cule does not spontaneously oxidize in solution, but it tends to
aggregate in organic solvent at high concentration forming
hydrogen bonds. According to this study, the aggregation
significantly affected the photophysics of the precursor as the
photoinduced S1 tended to decay more slowly in the
aggregated structure than in the monomer, thus exhibited a
longer lifetime. Going beyond model systems, Kohler’s group
recently revealed the great chemical heterogeneity of non-
particulate L-DOPA melanin, which dynamics were studied in a
very broad spectral window from the UV to the Vis.[35] The
results showed a constant spectral shape upon pumping at
265 nm, which was not alike the transient absorption spectrum
of DHI. Going towards the Vis, a significant in magnitude,
persistent in time, spectral hole was formed centered on the
pump wavelength. This hole formation was attributed to the
selective excitation of melanin chromophores which are nearby
in energy. CT (charge transfer) exciton formation in less than
200 fs was found to describes better the dynamics of the
pigment. For these characteristics, this artificial melanin was
compared to disordered carbonaceous nanomaterials that form
immobile charge transfer excitons in less than 200 fs. The same
group investigated further the same type of artificial melanin
by transient vibrational spectroscopy in the double bond
stretching region.[53] Using UV-Vis pump (265-600 nm) for
selective excitation of the different melanin chromophores, and
mid-IR probe pulse for the analysis of the transient changes in
vibrational modes, these authors found that even if different
chromophores possess different absorption, the number and
type of IR-active functional groups were the same demonstrat-
ing that: i) melanin chromophores that absorb in different
wavelength cannot just differ in the oxidation state; ii) same-
size aggregates cannot differ just in the functional groups
because this would result in different IR signatures. The results
were explained assuming electronic coupling of closely spaced
chromophores, which can lead to wavelength-independent
excited state relaxation. Another interesting study aimed to
correlate melanin NP composition and size to optical properties.
Warren and coworkers compared the optical properties of
dopamine (DA)-bases melanin NP of three different sizes (~
60 nm, ~100 nm and ~250 nm diameter) obtained by oxidation
of DA with atmospheric oxygen in the presence of NaOH.[22]

These NP presented a size-dependent steady state absorption
spectrum and, as shown in Figure 4a-4c, different excited-state
dynamics as analyzed by UFTA microscopy. Moreover, as shown
in Figure 4f, the transient spectral features of L-DOPA NP (d~
100 nm), obtained by oxidation with KMnO4, were different
from those of ~100 nm DA NP suggesting that the nature of
the precursor and of the oxidant affect the photophysical
behavior of the NP. In a next step, the effect of the disassembly
upon hydrolysis (in the absence of oxygen) of the four kinds of
NP in NaOH was investigated. The alkaline treatment led in all
the cases to the formation of low molecular weight compo-
nents (MW<2000) and of higher molecular weight products
that showed in AFM sizes of 0.2-2 nm. Interestingly, the
transient spectrum of the fragments was similar to the one of
the NP only for L-DOPA and not for DA.

4.3. Photoluminescence and photothermal properties

Melanin-like materials are considered not only to be non-
fluorescent, but also to be fluorescence quenchers when used
in combination with other dyes (FRET/PET).[54] This effect can be
attributed to the fact that the planar aromatic rings self-
assemble in the non-covalent structure via intra or/and
intermolecular stacking producing aggregation-caused quench-
ing (ACQ). Hence, excited melanin mostly deactivates via non-
radiative paths producing local photothermal heating, a
phenomenon that has been widely explored in nanomedicine
and photothermal catalysis and has been discussed in recent
review papers.[55] Since a lower degree of π-π interactions is
expected to lead to increased fluorescence, several strategies
have been proposed to rise the emission of melanin-like
materials by modifying and/or reducing π-π stacking interac-
tion. In particular, Yang et al. summarized chemical oxidation,
degradation, conjugation and carbonization as the most
common methods to obtain fluorescent melanin-like
materials.[7b] It is interesting to note that the nature of the
precursor alters the fluorescence of the produced melanin-like
materials. As an example, a relevant difference in the presence
of proton transfer pathways was highlighted in DICHA and DHI
precursors.[3b] Moreover, Corani and co-workers studied the
behavior of 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-
2-carboxylic acid (DICHA) oligomers by ultrafast fluorescence
spectroscopy.[56] They observed an excited state deactivation 3
order of magnitude faster in DICHA than in DHI due to the intra
and interunit proton transfer, occurring exclusively in DICHA
structure. In another case, Lin et al. synthesized fluorescent PDA
dots (PDs) by a hydroxyl radical-mediated degradation of PDA
NP obtaining blue and green emitting PDs, measuring the
fluorescence lifetime.[57] According to the authors, the shorter
lifetime of the green emitting PDs (9.4 ns) with respect to the
blue ones (10.8 ns) denoted a higher oligomerization and self-
assembly in the former than in the latter. Fluorescent PDA was
also obtained by the polymerization of DA in the presence of a
co-reactant, as glutathione (GSH), in order to reduce aggrega-
tion-caused quenching effect (ACQ) and obtain chemosensors
for Cu2+ and Fe3+.[58] This approach was reported to be more
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advantageous than the oxidation with H2O2 since the initially
achieved fluorescence is lost after NP purification. Other Fe3+

sensors, designed by Yin and co-workers, were based on blue
emitting PDA NP obtained by modulating their surface redox
properties.[59] Liu et al. obtained fluorescent PDA for Zn2+

detection using a nanozyme assisted oxidation method in two
steps: i) polymerization of dopamine under basic conditions ii)
dopamine peroxidation catalyzed by the nanozyme leading to
the final fluorescent product.[60] In another case, a PDA-based
fluorescent sensors for reduced glutathione was proposed using
MnO2 as oxidizing agent to synthesize PDA fluorescent NP. By
exploiting the capability of GSH to reduce MnO2 to Mn2+ it was
thus possible to selectively inhibit the formation of fluorescent
PDA.[61] Lastly, Quignard and co-workers proposed the synthesis
of fluorescent PDA NP by exploiting photo-oxidation of DA
using oil microdroplets as templates.[62] In general, it should be
stressed that although several approaches have been devel-
oped to convert melanin NP into fluorescent species: i) it is not
clearly demonstrated that the generated fluorescence arises
from the modified melanin NP and not from molecular side-
products; ii) the actual mechanism at the basis of the
fluorescence is widely unknown.

4.4. Photoreactivity: photochemical or photothermal?

Within the light-induced processes in melanin-like materials are
included photochemical reactions (involving excited states) or
photothermal processes (chemical processes involving the
ground state and activated by photothermal heating).[63] Never-
theless, this difference is rarely considered in the scientific
literature. In a recent paper Li et al. investigated the mechanism
of photochemical degradation of three different kinds of
melanin NP under UV irradiation using solid-state NMR and FTIR
spectroscopy.[7c] The irradiation was carried out on dried
samples of two synthetic melanin NP samples, made from
dopamine (d=100�11 nm) and L-DOPA (d=183�13 nm), and
one natural Sepia melanin (d=100-150 nm[64]) sample. This
study demonstrated that while under UVA irradiation no
change in the pyrrole ring of the indole unit of PDA was
observed, on the contrary a fraction of the six-membered
benzyl ring was broken leading to furo[3,4-b]pyrrole. In
particular, it has been suggested that the oxidation of the
tautomers DHI or DHICA to quinone structures led to the
formation of furans able to release CO2 (Figure 5). Interestingly,
this investigation showed that the photochemical pathway is
the same in all the three NP samples, despite the different

Figure 4. a) Transient absorption signal of PDA NP 60 nm b) transient absorption signal of PDA NP 100 nm c) transient absorption signal of PDA NP 250 nm.
All a, b and c are obtained with excitation pump at 720 nm and probe wavelength ranging from 770 to 830 nm. d) Time-delay signal of the three different
size PDA NP (60 nm, 100 nm, 250 nm) at 1 ps as a function of the probe wavelength. The signals are normalized at 770 nm. e) UV-Vis Absorbance spectra of
100 nm PDA NP and of L-DOPA NP. f) Transient absorption signals of L-DOPA NP using 720 nm pump and 770–830 nm probe. g) Time-delayed transient
signal of L-DOPA NP and their high molecular weight subunits at 1 ps as a function of probe wavelength. The signal is normalized at 830 nm. h) Time-delay
signal of the high molecular weight subunit fractions deriving from the oxidation of the three different PDA NP (60 nm,100 nm,250 nm) at 1 ps as a function
of probe wavelength. The signal is normalized at 770 nm. i) Proposed relationship between structure and properties of eumelanin based on the hierarchical
assembly structure. Reprinted with permission from Ref. [22].Copyright 2018, ACS Publications.
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composition and natural or artificial origin. Although, no
information about the effect of the irradiation on the NP
integrity or morphology was given.

As far as melanin-like films is concerned, Messersmith and
coworkers recently reported how PDA coating can be strength-
en by photo-treatment by scanning the threated surface with a
focused blue laser diode.[32] Importantly, light irradiation did not
compromise the functionality of the surface and led to a
decrease of the porosity that, accordingly to the author, was
strongly related to the presence of agglomerated NP on the
surface. The previous means that also in the case of coating, the
produced film contains: PDA polymers, dopamine monomer
and oligomers with low molecular weight (identified by MALDI-
TOF) and PDA NP (d~200 nm). The effect of the irradiation on
the different components was reported to be very different. In
fact, while the continuous polymeric film underwent graphitiza-
tion, as confirmed by Raman spectroscopy, the protruding NP
were ablated by the laser beam producing a more regular and
flatter surface (Figure 3). These results clearly demonstrated the
very different photo-reactivity of PDA films and PDA NP proving
that indeed the morphology plays in this framework a
fundamental role. Unfortunately, according to the previous
results it is not possible to identify completely the occurring
light-activated process and even more importantly, what is the
contribution of the photochemical and photothermal processes
involved.

5. Conclusions and Perspectives

Melanin-like materials are continuously finding new light-based
applications in fields of high economic and social impact
including medicine, energy conversion and photocatalysis.
Nevertheless, the understanding of the photophysics and
photochemistry of these materials is still incomplete. In this
minireview we underlined that a more generalized and system-
atic approach to correlate the photophysical and photochem-

ical properties of melanin-like materials to their chemical
structure and to their morphology is needed. In particular, we
discussed in detail how melanin-like materials typically repre-
sent a combination of families of different species (varying from
monomer or oligomer to polymer and NP) with analogous, but,
in some cases, also very different properties. Hence, the overall
photophysical and photochemical features depend, in part, on
these of the chromophores contained in this variety of species.
However, as typical for supramolecular systems, these proper-
ties are, to a large extent, altered by inter-chromophoric
interactions.[65] This work highlights the most recent and
relevant scientific papers (further summary is given in Table 1),
where this issue has been analyzed in detail. Between the
different techniques used for the optical characterization of
melanin, UFTA is surely one of the most promising since it
allows the investigation of the various photo-induced fast
processes occurring in melanin-like materials. Nevertheless, it
should be stressed that, even if important information is
available in the literature, the following points deserve further
investigation: i) what is the nature of the excited states
produced upon ultrafast excitation; ii) if and how efficiently
interconversion between different excited states occurs and iii)
how the nature of the excited states and their dynamics are
affected by the chemical composition and morphology. We
believe that a detailed investigation of these features presents a
real challenge for future research in the file of melanin-like
materials. Similarly, understanding the actual origin of the

Figure 5. a) Schematic illustration of irradiation of the compressed eumelanin-KBr pellet using UVA source with wavelength range from 320 to 450 nm with an
intensity at the sample surface of 2.43�0.02 W/cm2. b) proposed chemical for the UV-induced oxidation of eumelanin pellets leading to the release of CO2.
Adapted with permission from Ref. [7c]. Copyright 2019, ACS Publications

Table 1. Correlating the morphology and structure of melanin to the main
references where their photophysical and photochemical properties are
discussed.

Structure/morphology Main Ref.

Monomers/Oligomers [11b], [22], [35], [40b], [52a], [52b]
Polymers [15], [32], [35], [53]
NP [7c], [13], [18], [21b], [22], [24], [32], [50g]
Films [19], [32]

Chemistry—A European Journal 
Minireview
doi.org/10.1002/chem.202102479

16317Chem. Eur. J. 2021, 27, 16309–16319 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Dienstag, 16.11.2021

2166 / 222564 [S. 16317/16319] 1

www.chemeurj.org


fluorescence induced in these materials is fundamental. In
particular, in the case of melanin NP it has not been definitively
demonstrated whether the fluorescence comes from the NP
themselves or from molecular residuals produced during the
treatments applied in order to produce emission. As far as the
photo-reactivity is concerned, examples of evidence of chemical
modification of melanin via light irradiation have been also
reported. This is a very important result taking into consid-
eration the role of melanin in photoprotection that requires, as
a further improvement, an extensive characterization of the
photoproduct, as well as a quantification of the quantum yield.
More in general, we believe that the strategy followed in this
paper is aimed at differentiating the various kinds of materials
classified as melanin and at investigating the specific photo-
physical and photochemical properties correlated to each type,
that are essential for the understanding of the basic properties
of these materials. Additionally, this strategy is going to aid in a
better and controlled design of new materials for technological
application.
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