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Abstract: Nanotechnology is revolutionizing fields of high social and economic impact. such as
human health preservation, energy conversion and storage, environmental decontamination, and
art restoration. However, the possible global-scale application of nanomaterials is raising increasing
concerns, mostly related to the possible toxicity of materials at the nanoscale. The possibility of using
nanomaterials in cosmetics, and hence in products aimed to be applied directly to the human body,
even just externally, is strongly debated. Preoccupation arises especially from the consideration that
nanomaterials are mostly of synthetic origin, and hence are often seen as “artificial” and their effects
as unpredictable. Melanin, in this framework, is a unique material since in nature it plays important
roles that specific cosmetics are aimed to cover, such as photoprotection and hair and skin coloration.
Moreover, melanin is mostly present in nature in the form of nanoparticles, as is clearly observable in
the ink of some animals, like cuttlefish. Moreover, artificial melanin nanoparticles share the same high
biocompatibility of the natural ones and the same unique chemical and photochemical properties.
Melanin is hence a natural nanocosmetic agent, but its actual application in cosmetics is still under
development, also because of regulatory issues. Here, we critically discuss the most recent examples
of the application of natural and biomimetic melanin to cosmetics and highlight the requirements
and future steps that would improve melanin-based cosmetics in the view of future applications in
the everyday market.

Keywords: melanin; polydopamine; allomelanin; nanoparticles; ROS; biocompatibility; toxicity;
nanotoxicity; biomimetic; dopamine

1. Introduction

Nanomaterials and nanotechnology are revolutionizing fields of high social and eco-
nomic impact, such as medicine [1-6], energy conversion and storage [7-10], and environ-
mental remediation [11-13]. Nevertheless, public opinion is still worried by the potential
negative effects of nanomaterials on human health and the environment, and legislation
regarding the large-scale use of nanomaterials is still partially undefined [13]. Cosmetic
formulations have contained, since their ancient origin, nanostructures such as micelles [14],
nanodroplets [15], nanosized sunscreens [16], and pigments and fillers [17,18] and they can
be considered as dispersions often containing nanosized units. These nanostructures result
either from supramolecular (non-covalent) self-assembly (bottom-up processes) or are the
result of the disaggregation of bulk materials (top-down process) that are present in the final
product [19]. While these spontaneously formed nanostructure are generally tolerated by
customers, pre-formed nanomaterials incorporated in cosmetics as such still raise concerns
because they are considered “unnatural” and hence potentially dangerous [20,21]. Here, we
demonstrate that, in this framework, melanin presents unusual features. Melanin exists in
nature already in the form of nanoparticles in the ink of several animals, like cuttlefish, and
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as nano-aggregates in the human skin and hair [22]. Melanin nanostructures play important
roles in nature, including photoprotection and coloration [23]. Their biomimetic copies,
such as polydopamine (PDA), have been demonstrated to be almost completely identical to
the natural ones, to the point that human skin cells (keratinocytes) treat PDA nanoparticles
(NPs) exactly as bio-produced melanin [24]. In this review, we provide an overview of
recent systems based on melanin NPs, investigated for their applications in hair coloration
and photoprotection. Moreover, we report the main critical aspects that, at the moment,
limit the application of melanin-based cosmetics. Indeed, once the necessary investigations
and improvements are performed, and thanks to their high biocompatibility and their
unique optical and electronic properties, natural and biomimetic melanin nanoparticles
can pave the road to the advent of the new science of nanocosmetics [25].

2. Chemistry of Natural and Biomimetic Melanin

Melanin represents a family of pigments present in many animal and vegetal species,
where they play important roles in coloration and photoprotection [23].

Melanin is a polymeric species which arises from the oxidation and polymerization of
one or more molecular precursors. Since the actual chemical composition and structure of
the different kinds of melanin are largely unknown [26,27], the most convenient approach
to their classification is still based on the monomer they originated from [28] (Figure 1a).
The biosynthetic path to melanin involves oxidation performed by enzymes. In the case
of “eumelanin”, the dark pigment present in human hair and skin and the most studied
natural melanin form, the molecular precursor is tyrosine, which is first oxidized to L-dopa
by tyrosinase. Further oxidation leads to the formation of eumelanin. Copolymerization
with cysteine, on the other hand, can lead to the formation of pheomelanin, the orange-red
pigment present in blond-red human hair [29-31]. Besides their similar origin, eumelanin
and pheomelanin are so different that while eumelanin is known to be photoprotective,
pheomelanin is considered, on the contrary, phototoxic.
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Figure 1. (a) Classification of different kinds of melanin based on their molecular precursor, from
ref. [28]. (b) SEM image of sepia ink. Scalebar is 1000 nm. (c) Optical images of cuvettes containing
dopamine (0 h) during oxidation by atmospheric oxygen. Each cuvette represents the reaction mixture
at successive 30 min time periods from the beginning of the reaction (time 0 h). The change in color,
which goes from light to dark brown, denotes the progressive formation of PDA NPs. Adapted with
permission from ref. [27]. Copyright 2022, American Chemical Society.

Although different kinds of melanin are largely present in nature, their extraction
for technological applications is often inconvenient, since it is typically cost and time
demanding and poorly efficient. Artificial synthesis of melanin, on the other hand, is very
effective and, most importantly, very versatile. Oxidation of the precursors can be achieved
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using safe, low-cost, and widely available oxidants like atmospheric molecular oxygen. This
is the case of the synthesis of polydopamine (PDA), considered the artificial biomimetic
copy of eumelanin and obtainable from the oxidation/polymerization of dopamine in
slightly alkaline conditions, in aqueous solution, in the presence of atmospheric oxygen
at room temperature. This synthetic process is highly environmentally friendly and leads
to highly biocompatible PDA nanoparticles (Figure 1b,c). Additionally, the process is
highly versatile, thanks to the presence of different functional groups both in DA and in
PDA. For this reason, PDA has found applications in fields of high social and economic
relevance, such as medicine [32-35], energy conversion and storage [36], and environmental
remediation [37]. The popularity of PDA is demonstrated by the huge number of scientific
papers dealing with this material published in the last five years (2020-2024), which totaled
more than 8000 at the end of April 2024, according to Web of Science. Besides this, recently
some researchers, and in particular the Gianneschi group [38,39], have demonstrated
that melanin obtained by oxidation/polymerization of 1,8 dihydroxynaphthalene, as a
biomimetic copy of natural allomelanin, presents unique chemical properties that could
make these NPs an advantageous alternative to PDA for several technological applications.
This point will be discussed more in detail in the next section.

3. Properties of Melanin

The most typical features of eumelanin and PDA are their unique biocompatibility
and their broad light adsorption band that ranges from the UV to the NIR and which
is responsible for the dark color of these nanomaterials [40,41]. Adsorption is indeed
only one of the two components of the extinction of light by PDA since, in the form
of NPs, this material is also able to scatter light. The actual origin of the broad band
absorption of eumelanin and PDA NPs is still debated, as is as their actual chemical
composition. For this reason, these materials have been object of detailed investigation via
ultra-fast transient spectroscopy (UFTS) aimed at understanding their interactions with
light. Despite the different conclusions reached by different researchers, the presence of
different chromophores in these forms of melanin, and in particular of di-hydroxyindole
(DHI) units and their oxidized quinone forms, is almost univocally accepted [42]. Hence,
optical transitions could be either localized on a large variety of chromophores, each
responsible for the absorption in a specific optical range, or involve optical electron transfer
processes between different chromophores [43-45]. The former hypothesis justifies the
typical hole-burning, wavelength-dependent behavior observed for eumelanin [43], while
the latter is consistent with the appearance of less excitation wavelength-dependent broad
transient absorption [44]. In any case, excited-state deactivation of eumelanin is generally a
fast process that occurs in the picosecond time scale [46]. Fast excitation energy dissipation
is totally compatible with the high photoprotective action of eumelanin, since it suggests
that the absence of long-living excited states prevents any photochemical reactivity and
hence any phototoxicity. Moreover, the observation that deactivation occurs through a
non-radiative path justifies the wide application of these materials as photothermal agents
(PA) and hence as materials able to convert efficiently absorbed light (especially in the
red/NIR region) into heat [47,48]. Nevertheless, it is well known that eumelanin presents
some degree of photoreactivity. Photo-oxidation of eumelanin has been reported by several
authors as a process involved in Immediate Pigment Darkening (IPD) in human skin [49].
Recently, the possible use of PDA as a photosensitizer (PS) for light-induced polymerization
of some vinyl monomers has also been proposed [50]. From the photochemical point of
view, the chemical reaction of short-living excited states with other diffusing molecules like
oxygen is unexpected, and we believe the photoreactivity of eumelanin and PDA deserves
further investigation. Regarding the excited-stated deactivation path, fluorescence of PDA
samples has also been reported [51]. According to our findings, this fluorescence is due
mostly to PDA NP fragments, rather than to the NPs themselves [41]. Generally, the origin
of the fluorescence of PDA needs further study.
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The photoprotective action of eumelanin and PDA does not arise only from their
abilities of absorbing and scattering light but is also the result of their efficient antioxidant
activity. PDA was demonstrated to be an efficient radical scavenger able to limit the
formation of reactive oxygen species (ROS), which are considered to be at the base of
the indirect damage of skin due to light and involved in skin aging [52]. In this context,
artificial allomelanin was demonstrated to be a much more effective antioxidant agent
than PDA [39]. Thanks to this feature, allomelanin may in the future substitute PDA in all
applications which take advantage of antioxidant activity [53].

4. Nanomaterials in Cosmetics

Despite the application of nanotechnology to cosmetics still being a critical issue [54],
cosmetic products contain, in most formulations, nanosized objects. A typical example is
micelles, which spontaneously form from the self-assembly of surfactants used as emulsifier
or dispersant agents in cosmetic formulations [14]. Micelles are NPs with typical diameters
ranging from a few to tens of nanometers and are often used, because of their high mono-
dispersity, as templates for the synthesis of other NPs. Microemulsions used in cosmetic
products are unique emulsions that present thermodynamic stability and contain droplets
with sizes of a few tens of nanometers [15,55]. Inorganic sunscreens like titanium and zinc
oxides filter solar light by scattering and, to give a Rayleigh-like wavelength-dependent
response and enhance protection from the UV spectrum, they need to be present in sizes of
a few tens of nanometers [15]. In this way, these particles look transparent and without
color in the visible spectrum, while micrometric particles show Mie scattering and a whitish
appearance. Recently, the use of silver nanoparticles in cosmetics had been proposed, in
virtue of their anti-bacterial activity [56]. What is the difference between all these kinds
of NPs? According to the regulations of the European Commission for cosmetic products:
“nanomaterial means an insoluble or bio-persistent and intentionally manufactured material
with one or more external dimensions, or an internal structure, on the scale from 1 to
100 nm” [57]. According to this definition, micelles and titania NPs are classified very
differently, and presently only 29 nanomaterials (three as colorants, four as UV filters, and
22 with other functions) are allowed in cosmetics, including silver NPs (Table 1).

As a condition, the use of these nanomaterials in cosmetics is possible only if their
presence in nano-form is declared by the producer and notified to the Cosmetic Products
Notification Portal (CPNP) six months before placing the product on the market. Melanin
is not included in the list. In particular, melanin is present among the permitted cosmetic in-
gredients only for the China Food & Drug Administration (CFDA) [59], while the Food and
Drug administration (FDA) [60], Canada’s cosmetic regulations [61], and the Association of
Southeast Asian Nations (ASEAN) [62] do not consider melanin either in their permitted
or in their prohibited ingredients, despite melanin already being present as nanoparticles
in human skin and human hair [22]. What will be the future of melanin-like nanomaterials
in cosmetics?

Table 1. Nanomaterials allowed in cosmetics according to EU regulations [58].

Category Nanomaterial Cosmetic Products
.Car'bon b}ac1.< Bath/shower products, lip stick, mascara, eye liner, eye
Colorants Titanium dioxide : . .
. .. pencils, nail varnish, and face masks.
Zinc dioxide

Methylene bisbenzotriazolyl tetramethylbutylphenol ~ Sun protection products, before- and after-sun products,

UV fil Titanium dioxide body care products, self-tanning products, skin
llters Tris-biphenyl triazine lightening products, foundation, hand care products,

Zinc oxide and lip care products.
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Table 1. Cont.

Category

Nanomaterial Cosmetic Products

Other
functions

Gold thioethylamino hyaluronic acid

Lithium magnesium sodium silicate

Alumina
Colloidal copper
Colloidal gold
Colloidal platinum
Colloidal silver
Copper
Fullerenes
Gold

Face masks, nail varnish, nail make-up, bath/shower
products, foot care products, mouth wash, shampoo,
chemical exfoliation products, soap products, external
intimate hygiene products, toothpaste, make-up
remover products, eye liner, and eye shadow.

Hydrated silica
Hydroxyapatite

Platinum
Silica
Silica dimethicone silylate
Silica dimethyl silylate
Silica silylate
Silver

Sodium magnesium fluorosilicate

Sodium magnesium silicate

Sodium propoxyhydroxypropyl thiosulfate silica

Styrene/acrylate copolymers

5. Melanin for Photoprotection

The exposure of our skin to UV radiation has numerous effects in our bodies, such as
the synthesis of vitamin D and endorphins, tanning, and immunoregulation [63]. How-
ever, overexposure to UV radiation has been reported to induce DNA damage and skin
cancer [64,65]. The strategy that the human organism adopts to contrast the negative effects
of UV radiation is the production of melanin as a photoprotective agent. The synthesis
of melanin is stimulated by sunlight and occurs in melanocytes, cells located in the stra-
tum basale of the epidermis [66,67]. This process is responsible for our skin pigmentation,
and the produced melanin shields from UV radiation by means of its very broad UV-vis
absorption band and radical scavenging action [68]. However, natural skin pigmentation
has resulted to be not sufficient to prevent UV-caused damage and needs to be integrated
with synthetic solar filters. Sunscreens are usually multicomponent systems obtained by
the mixture of one or more solar filters and various stabilizers [69]. There are mainly two
categories of solar filters, named inorganic and organic solar filters. Inorganic solar filters
are usually based on particulates, among which the most common materials are nanosized
titanium dioxide and zinc dioxide [70]. Organic solar filters comprise aminobenzoic and
salicylic acid derivatives, triazines, and benzimidazole and benzotriazole derivatives [71].
Both inorganic and organic filters exert their function by an efficient absorbance of UVA
(A =400-315 nm) and UVB (A = 315-280 nm) light. Nevertheless, there are some concerns
about their possibility to penetrate through the skin and their production of reactive oxygen
species (ROS) [72,73]. For these reasons, solar filters are often coupled with antioxidants or
embedded in matrices that prevent skin penetration [74,75]. However, having a complex
formulation is sometimes not beneficial, since the combination of the components could
lead to a decrease of filter efficiency because of their chemical or photochemical interactions.
In this area of optics, research is focusing on melanin-based sunscreens, mimicking the role
that it has in our skin. Indeed, melanin, other than being an excellent photoprotective agent,
has also high biocompatibility and antioxidant activity, summarizing all the requirements of
a proper solar filter. PDA NPs are usually studied as solar filters, as described in the paper
of Supanakorn and co-workers [76]. Their nanoparticles were produced through sponta-
neous oxidation reactions between a dopamine monomer (DA) and sodium hydroxide
(NaOH) (Figure 2).
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Figure 2. PDA NP production (PDA1, PDA2, PDA3, PDA4, and PDADJ) as solar filters. Reprinted
with permission from ref. [76]. Copyright 2022, American Chemical Society.

By varying the molar ratio of DA /NaOH, they were able to control the size of the
nanoparticles. The molar ratio was varied from 1:1 to 1:0.8, 1:0.6, 1:0.4, and 1:0.2 to prepare
different sizes of spherical nanoparticles, denoted as PDA1, PDA2, PDA3, PDA4, and
PDADS, with sizes ranging from 59.5 to 659.1 nm. The PDA NPs presented very good
stability in an aqueous medium in different pH conditions (pH > 3.4) and were stable for
three months, even when stored at 50 °C. UV-vis absorption spectra (Figure 3) showed
that PDA2 presented the highest UVB absorption (290—320 nm) and a sun protection factor
boosted by approximately 50% compared to that of the original base formulation.

0.25
——DA
— PDA1
—_— PDA2
20 PDA3
’ PDA4
——PDAS
[
2 0.15 - /\ ———
s |
_e -
2
2 0.10 - l ’ \
0.05 -
0.00 1 T T T T I
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Figure 3. UV —vis absorption spectra of PDA nanoparticles and DA. Reprinted with permission from
ref. [76]. Copyright 2022, American Chemical Society.

Further evaluation through in vitro studies was conducted to define their photopro-
tective abilities. As a result, HaCaT cells treated with PDA 1-5 nanoparticles prior to UV
exposure showed significantly reduced membrane damage in a dose-dependent manner
and considerable reduction in ROS. Notably, PDA1, PDA2, and PDA3 also improved cell
viability after UVA exposure. Cytotoxicity in vitro studies using HaCaT cells suggested
good biocompatibility of the PDA nanoparticles, due to their melanin-mimicking nature.
These findings provided a promising approach for synthesizing PDA nanoparticles as
safe and effective sunscreen boosters. Demonstration of the efficient photoprotection of
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melanin-like materials was also reported in the paper of Liberti et al., in which a melanin-
like polymer’s photoprotective performance was evaluated [77]. The polymer was obtained
by the polymerization of the methyl ester of DHICA (MeDHICA-melanin). DHICA (5,6-
dihydroxyindole-2-carboxylic acid) is one of the melanin precursors, and its modification to
MeDHICA was performed to increase MeDHICA-melanin’s solubility in organic solvents,
a useful aspect for its potential embedment in dermocosmetics. Indeed, MeDHICA resulted
to be soluble in water-miscible organic solvents and it also had a good stability upon
oxidation and solar light exposure. MeDHICA-melanin’s biocompatibility and photopro-
tective activity were tested by incubation in keratinocyte HaCaT cells. Interestingly, other
than showing no cytotoxicity, MeDHICA-melanin reduced oxidative stress related to UV
light irradiation. Indeed, ROS and lipid peroxidation were significatively reduced, and
glutathione levels, whose decrease is correlated with oxidative stress, remained unaltered
under irradiation.

PDA NPs have also been combined with other polymers or embedded in scaffolds to
improve their performance and their stability, preventing potential skin penetration. For ex-
ample, Li et al.’s study involved the development of a bionic photoprotective CS-SA-PDA
nanosheet, which showed great potential in terms of photoprotection and photostabil-
ity [78]. The biomimetic design incorporated sinapic acid (SA), a plant polyphenol that
naturally shields against UV rays. Chitosan (CS), a natural polymer, acted as a connecting
arm, enhancing the material’s photostability and reducing PDA permeability. As previ-
ously mentioned, PDA mimics eumelanin’s light-absorption properties, improving UVA
light shielding efficiency and increasing thermal stability, ultimately resulting in better
photoprotective performance. In terms of UV-shielding results, the combination of SA and
PDA showed a synergistic effect and could render broad-spectrum protection properties.
In vivo anti-UV testing was carried out and proved the efficient photoprotective ability
of the new material. The treated skin exposed to UV indeed showed no damage and
resembled normal skin. CS-SA-PDA possessed excellent skin safety: cell viability decreased
slightly with increasing nanosheet concentration but remained over 80%, indicating no
apparent biological toxicity. Furthermore, the photoprotective layer exhibited ROS scaveng-
ing activity. CS-SA-PDA effectively eliminated photo-induced ROS and, in turn, inhibited
chronic photodamage, thus improving the biosafety of the sunscreen. The combination
of all these features makes the new biomimetic material ideal for skin photoprotection.
Li et al. reported a composite system with hollow PDA NPs embedded in a cross-linked
hydrogel formed by chitosan (CS), hyaluronic acid (HA), and 3-glycerophosphate (3-GP)
to obtain a photoprotective system for sunscreen application [79]. In particular, the use
of a hydrogel nanocomposite aimed to find a proper dispersion media for application in
sunscreens and to prevent penetration of the NPs through the skin. Indeed, first the bio-
compatibility of the system was evaluated on NIH-3T3 cells, reporting more than the 80%
of viability after 24 h of incubation. Secondly, skin resistance to penetration was tested on
porcine skin sections. The nanocomposite hydrogel, compared to bare PDA NPs, showed
almost no penetration in the skin, confirming the hydrogel’s protective action and good
water resistance, denoting long term stability. The photoprotective ability was evaluated
(UVA/UVB ratio), as were sun protection factor (SPF—almost 34% for a PDA NPs content
of 100 g/L) and phototoxicity. Compared to the commercial sunscreen TiO,, all the tests
confirmed a higher shielding ability of the hydrogel nanocomposite based on hollow PDA
NPs. Moreover, the choice of having hollow PDA NPs rather than PDA NPs is favorable
for the lighter color of the sunscreen, which is more easily applicable to the skin’s surface.

6. Melanin for Hair Coloration
6.1. Introduction

In the following section, we will discuss the employment of melanin-like materials
in another crucial area of the cosmetic market: hair coloration. Indeed, we are going to
present the state of the art in the application of PDA in this field and we are going to focus
on the different approaches researchers have followed to bind these biomimetic pigments
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to the hair shaft, trying to highlight analogies, differences, and the pros and cons of tuning
different parameters, as schematized in Figure 4. To begin with, we are going to introduce
the topic, then we will move on to the chemical approaches to dying the hair, and finally
we will present the biotechnological approaches.
Tunable parameters

i

OX|d|zmg agent

Figure 4. Schematic representation of the list of parameters that can play a role in the deposition of
PDA on grey human hair and their effect on the tunability of hair color (from top to bottom: blonde,
brown, and black), scale bar 1 cm.

Hair care has walked with human beings since the dawn of time; indeed, hair beauty has
interested every society all over the world, without exclusions related to status, gender, culture,
religion, and nationality. In fact, this phenomenon is timeless: archeological finds attest to the
cosmetical use of dyeing herbs in ancient Egyptian society [80], whereas nowadays hair care
products are advertised on LED screens along the streets of modern metropolises.

To best introduce the topic, it is better to have a dive deep through the biology of
hair pigmentation. Color plays crucial roles in the animal kingdom. Indeed, the mantle
of pigmentation has been engineered to cover a wide range of needs: it is well known
that some animals blend in with their surroundings due to the color of their coat, while
others exploit it as a silent form of communication; for example, peacocks exploit it as a
mating technique [81]. Among all bio-pigments, melanin is the main one responsible for the
pigmentation and structural coloration of feathers and hairs [82,83]. In this context, human
beings and primates are not excluded; in fact, melanin is also responsible for the coloration
of hair in mammals [84,85]. The natural pigmentation of human hair is determined by
the chemical composition and the concentration of melanosomes in the cuticle, cortex,
and medulla of the hair fibers. Among human beings, melanosomes can contain different
amount of eumelanin and pheomelanin. The former is responsible for black-brown col-
orations, while the latter confers to hair tresses yellow-reddish nuances [86]. Melanin is
bio-synthetized into membrane-enclosed melanosomes by specialized cells (melanocytes)
in the hair follicle during the growing phase. In the early stages, melanosomes are mainly
composed of proteins, called melanoproteins. As the melanosomes mature, they are trans-
ferred from the melanocytes into adjacent keratinocytes, which embed them in a matrix of
keratin-associated proteins. Thus, as hair grows, it acquires its color, lasting throughout
the lifetime of the hair. As each of us will experience in their life, hair pigmentation does
not last forever. Aging, lifestyle, chronic diseases, psychological stress, and photothermal
damage are among the main causes of hair greying [87-90]. If we consider that the World
Health Organization (WHO) has estimated that by 2050, the world’s population of people
aged 60 years and older will reach 2.1 billion, we can expect that these issues will escalate
in the near future. To face this problem, over time, people have developed several solutions,
like the use of wigs or hair dyeing. In ancient times, the formulations of hair dye were
mainly based on phytochemical products, while with the advent of chemical industries,
synthetic dyes quickly became the most popular way to change the color of hair [91]. De-
spite the expected development in the hair dyeing market, current commercial hair dyeing
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formulations suffer from several drawbacks. Indeed, in the actual technologies, the use of
harsh conditions (like strong alkaline/oxidative solvents) and allergenic dyes is expected.
Hence, the application of them on the scalp can bring about the development of adverse
reactions like inflammation, dandruff, and dermatitis [92,93]. Regarding this, the use of
more biocompatible dyes could be a promising solution to face this problem. Melanin,
and in particular PDA, seems best suited for this role: it shows high biocompatibility and
antioxidant and photoprotective properties [52]. In addition, PDA NPs are depicted as
synthetic analogues of naturally occurring melanosomes [24], which are responsible for
human hair pigmentation; indeed, by tuning the physical-chemical properties of synthetic
PDA, is possible to mimic every shade of natural hair color. From this premise, it should
not surprise that scientists have tried to use synthetic melanin as biomimetic dye. The
first attempts to deposit melanin-like materials on hair fibers to restore their coloration
go back to some decades ago: Brown et al. exploited the metal-induced oxidation of
dihydroxyindole (DHI), one of the precursors of human melanin, to give rise to a new
method to color human hair [94]. The idea was to biomimic the biochemical action of
tyrosinase, a metalloenzyme that regulates the physiological oxidation of tyrosine into
eumelanin. The innovative method was designed in a two-step process, in which the
former was devoted to a pre-treatment of the hair tresses with a Cu(Il) ion-doped shampoo,
while in the latter step the samples were treated with an aqueous solution of DHI. The
protocol guaranteed the fast deposition of a brown-black dye on the periphery of the hairs
within 10 min. Interestingly, the authors claimed the possibility to tune the color shade by
changing the chemical nature of the involved metal cations. Furthermore, in 1997, Brown
et al. updated the previous study, exploring the pigmentation capability of other chemical
precursors and oxidating agents [95]. In fact, they aimed to pave new routes to the synthe-
sis of new eumelanin-like and pheomelanin-like materials. Basically, they exploited the
oxidation of dihydroxyphenylalanine (DOPA) into DHI and dihydroxyindole-2-carboxylic
acid (DHICA), using potassium ferricyanide in a buffered solution, to induce the forma-
tion of deep-black dyes, while lighter colors, such as brown, were obtained by starting
from less-reactive chemicals, like DOPA methyl ester or adrenaline. In the same work,
yellow-reddish shades, analogous to the ones of pheomelanin, were reached through the
oxidation of cysteinldopa analogs and hydroxybenzothiazine, triggered by sodium iodate
and sodium periodate. Despite this promising attempt, melanin-based materials have
never been employed in the hair color market. Indeed, even if the exceptional properties
of melanin were well known at that time, the processability of these biomaterials was still
challenging, making their application difficult.

6.2. PDA in Hair Coloration

The turning point occurred in 2007 when Lee at al. published an article with a meteoric
impact in the field [96]. The authors described a facile method to deposit homogeneous
layers of PDA, a eumelanin analog, on a wide variety of surfaces, from organic ones to
ceramic ones, starting from dopamine (DA). In a short time, DA had become one of the most
studied precursors in the synthesis of melanin-like materials. The possibility of grafting
PDA on heterogenous substrates in an easy way did not exclude the field of hair dyeing.
For example, one of the first attempts was reported by Gao et al., where they described a
protocol to attach PDA on hair shafts by coupling the oxidative and grafting properties
of metal cations. Briefly, they reported a method to dye hair tresses in 5 min using DA,
as a precursor, and the combined effect of CuSO,4 and HyO, [97]. Following the same
approach, other researchers took advantage of the great metal-chelating properties of PDA
to anchor these materials on hair fibers, like Im et al. [98]. In their work, a PDA solution
was prepared through the oxidation of dopamine in a Tris buffer solution. The next step
of the protocol was the anchoring of the color on the hair shaft, which was promoted
by the addition of metal cations (Fe(Il), Fe(IlI), Al(IlI), and Cu(Il)) into the PDA solution,
where hair fibers were previously soaked. Herein, it is interesting to note that, unlike
other studies, the SEM images of the surface of the processed hairs appeared smooth in
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texture, without a clear deposition of nanoparticles on the hair. Hence, it was hypothesized
that the major contribution to the pigmentation of tresses was given by the hydrophilic
polymeric form of PDA. Indeed, such kinds of morphology have demonstrated a higher
amount of catechol units compared to their nanoparticle forms, which should guarantee
a better coordination with the metal cations [41]. However, despite the very promising
results of the metal-grafting of melanin-like materials on hair cuticles, the use of high
concentrations of metal-based ingredients in cosmetic formulations can lead to hampering
in terms of regulation and safety for consumers and the environment. Hence, metal-free
options were proposed in time. For example, Dong et al. replaced metals with sodium
periodate as the oxidizing agent in their formulations [99]. ongoing forward, researchers
tried to analyze the effects of other parameters; in fact, despite oxidizers playing a key role
in hair dyeing processes, it was discovered that temperature and hair chemistry can have a
pivotal role in hair coloration. That was the case for Battistella et al.; they demonstrated
that temperature has a crucial role in the adhesion of PDA on hair fibers [100]. Indeed,
increasing the working temperature up to 37-40 °C significantly improved the performance
of their protocols. Such a boost allowed the application of milder chemical compounds
like 3% NH4OH, currently involved in commercial hair dye formulations, and in addition
to this, the working temperature of 3740 °C can be easily reached in hair saloons using
common devices, such as hair dryers and hairdressing helmets. However, in this case,
PDA with a nanoparticle morphology seems to be the material which gives the most major
contribution to hair coloration. In the end, we can mention the article of Zheng et al,;
their innovative approach follows a pre-functionalization of the hair’s surface to enhance
its reactivity with precursors [101]. Here, hair tresses were pre-treated with ammonium
thioglycolate to partially reduce disulfide bonds into thiols, followed by immobilizing DA
monomers onto the hair’s surface with cysteine (Cys), as schematized in Figure 5.
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Figure 5. Schematic diagram of proposed method: (a) The representative reactions between DA and Cys
and (b) the PDA hair dyeing process with a pre-grafting treatment. (c) Photos and (d) AE values of (1-8)
virgin gray hair and PDA-dyed hair samples dyed in different conditions. Label without “ ' ” refers to
hair without pre-treatment, label with “ ! refers hair with pre-treament. The *, and their number, refers
to the p-value of AE values comparing pre-treated hair and not pre-treated hair (** p < 0.01, *** p < 0.001)
Adapted with permission from ref. [101]. Copyright 2022, American Chemical Society.



Int. J. Mol. Sci. 2024, 25, 5862

11 0f 18

Once the Cys-DA was anchored to the surface of the hair fibers, in was converted into
PDA using oxidizers, among which NalO4 demonstrated the most promising outcomes.
In summary, according to the proposed protocols, the intended color can be varied by
simply changing the involved metal cations and the chemical nature of the oxidizer, while
temperature and pre-functionalization of the hair shaft have been demonstrated to tune
the deepness of the nuances. As mentioned, between the different strategies proposed
to control the biomimetic synthesis and regulation of artificial melanin pigments for hair
coloring, the current dominant approach focuses on producing polydopamine coatings,
which require an oxidation process often reliant on basic conditions. These conditions not
only damage the outer hair layers but also raise concerns regarding biocompatibility and
biofriendliness [102]. An alternative approach to precursor oxidation in mild conditions,
based on the use of enzymes, was proposed by Sun et al., who effectively achieved PDA
deposition through an enzymatic procedure [103]. They demonstrated that in the presence
of tyrosine hydroxylase and metal ions, DA could be oxidized into PDA and subsequently
self-assembled into nanometer-scale pigments. Metal ions were applied to facilitate self-
assembly of PDA and immobilize the pigment NPs onto the hair’s surface. Aqueous
solutions of FeCls, FeSO,, and CuSO4 were investigated. Hair samples treated with and
without metal ions, in the presence of DA and tyrosine hydroxylase at room temperature,
displayed a significant color change in less than one minute. The type and amount of metal
ions and changes in enzyme concentration affect hair darkness, which can be tuned just by
altering these parameters. Additionally, hair dyed with PDA shows significant resistance
to repeated washing, along with better toughness and softness compared to commercial
products. Biocompatibility of the PDA assemblies was confirmed through cytotoxicity
testing, further supporting the viability of safe and natural hair pigmentation using this
enzymatic approach. A similar strategy was developed by Battistella et al., the main goal
of which was producing synthetic melanin coatings that successfully deposit onto human
hair through chemoenzymatic oxidation of DA and its precursors or derivatives, avoiding
the use of basic conditions [104]. In their study, they avoided uses of metal chelators and,
instead, successfully adopted conditions of a neutral pH and 35 °C, which correspond to the
optimal reaction parameters for mushroom tyrosinase. These conditions decrease the time
needed to obtain effective polymerization and deposition from hours to several minutes
and result in minimal perturbation of outer hair layers compared to traditional basic
oxidative protocols. This approach allows the use of a variety of monomer substrates, such
as tyrosine (L-Tyr), tyramine (TA), and DA, which demonstrate a dyeing ability comparable
to commercial dye. Due to their melanin-like nature, the coatings have the potential
to absorb radiation and protect fibers from photodamage. While this study effectively
demonstrated a fast, mild, and efficient route for producing multifunctional bioinspired
hair pigmentation, it did not investigate the long-term durability of the dyeing process or
its impact on the mechanical properties of the hair. A limit of these developed processes
is their inability to produce a wide range of colors. Shen et al. addressed this challenge
by defining a strategy for achieving a broader color spectrum through the enzymatic
oxidation of tyrosine derivatives [102]. A series of tyrosine derivatives were selected as
precursors for the enzymatic synthesis of melanin-like pigments, such as Boc-L-Tyr, Fmoc-
L-Tyr. Cbz-L-Tyr, and Fec-L-Tyr (Figure 6). The study demonstrated that modifying L-Tyr
with different protective groups at the N- or C-terminus, along with changing reaction
conditions, allowed for regulating the deposition and the assembly of pigments. More
precisely, the protected amino groups affected the cyclization of amines and subsequent
oxidation process, altering the final color, while carboxyl group functionalization increased
steric hindrance, affecting polymerization and leading to lighter shades. Hair dyeing was
then carried out at 37 °C and pH 6.5, resulting in successful deposition of the different
oxidation pigments on the surface of the hair. The color of the hair could be further tailored
by changing the reaction conditions, such as the pH value, enzyme concentration, and
tyrosine derivatives concentration. The pigments strongly interacted with the hair’s surface,
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exhibiting minimal fading after repeated washing. Additionally, the hair’s mechanical
properties were not significantly altered by this treatment.

(a)
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Figure 6. Molecular structure and oxidation process, induced by mushroom tyrosinase (PDB ID:
ADbPPO4) [105] in phosphate-buffered saline (PBS) of unmodified natural L-Tyr (a) and its derivatives
after amino and carboxyl modification (b,c). Adapted with permission from ref. [102]. Copyright
2021, American Chemical Society.

The study also explored the possibility of depositing silver nanoparticles onto the
pigment-coated hair through in situ reduction, making these coatings anti-inflammatory
and antibacterial. This study, like previous ones, demonstrated the potential of melanin-like
nanoparticles as hair dyes, allowing the avoidance of harsh alkaline conditions, thereby
reducing hair damage, and aligning perfectly with the modern market’s focus on environ-
mentally friendly solutions.

7. Future Perspective

Melanin performs in nature functions such as photoprotection and coloration which
are characteristic of some specific cosmetic products. Its use for these applications thus
appears to be obvious; nevertheless, although some very good research studies have
revealed the incredible properties of natural and artificial melanin NPs for photoprotection
and coloration, the real use of these materials in the cosmetic market is still at an embryonic
stage. In our opinion, the use of melanin for photoprotection and hair coloration should take
into consideration two possible approaches with different advantages and disadvantages
that will be shortly discussed.
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7.1. Use of Preformed Melanin in Cosmetic Products

The main advantage of this approach would be the use of a naturally available source
of melanin, and in particular NPs, from the ink of cuttlefish. Other possible “vegan”
sources of melanin are available, even if the efficiency of production from these channels
is less effective [106—108]. An alternative melanin source is the artificial one. Melanin can
be prepared in considerable amounts in the laboratory by oxidation/polymerization of
molecular precursors and also in mild conditions. In this context, we would like to stress
that the most convenient process starts from dopamine, which can be easily oxidized by
atmospheric oxygen in mild conditions. As a drawback, dopamine’s cost is too high to
be compatible with its use in a large-scale industry like the cosmetic one. Moreover, this
molecule is also a neurotransmitter, and the absence of residual dopamine in the final
product should be demonstrated. Use of a less-expensive and safer precursor, like tyrosine,
has been reported only in the case of enzymatic oxidation [102]. In this case, the cost of the
enzyme would make the process not suitable for applications in cosmetics. Hence, naturally
extracted melanin is likely to be the best source for cosmetic products based on preformed
melanin NPs. Besides this, a major issue of this kind of approach is the formulation of
the melanin itself. Melanin NPs have been reported to show a negative Z-potential due to
the presence of carboxylates and deprotonated cathecholic groups on their surfaces. As
a consequence, melanin NPs are very hydrophilic. Moreover, the photoprotective action
of melanin on the skin is still not clearly understood. Indeed, as reported in the recent
study of Zamudio Diaz et al. [64], melanin could also induce DNA damage. Indeed, in
some cases, it seems to act as a photosensitizer rather than as a photoprotective agent:
UV-induced radical species can indeed degrade melanin, leading to species which could
transfer their energy to DNA bases. This duality of melanin’s action seems to be strongly
dependent on the melanin’s distribution on the epidermis. However, this effect, which
could represent a very important issue for melanin’s cosmetic applications, surely needs to
be further investigated.

Preformed melanin NPs for hair coloration. Human hair is negatively charged and
methods for hair coloration typically exploit alkaline pH in order to enhance the hair’s
cuticle openings and hence the penetration of the coloring into the hair. Melanin NPs
are negatively charged in these conditions (Z-potential about 40 mV for PDA) and hence
electrostatic repulsion prevents adhesion of the NPs to the hair. Thus, this approach requires
the modification of the surface of the NPs in order to introduce a positive charge. This
can be achieved either via covalent or non-covalent functionalization of the NPs’ surfaces.
Despite the charge, considering the relatively large size of the melanin NPs (100-200 nm),
their actual penetration into the hair cortex is very unlikely and, as demonstrated by
experimental results, coloration obtained with this strategy cannot resist washing and it
can be only temporary.

Preformed melanin NPs for photoprotection. Artificial melanin NPs (PDA) have been
demonstrated to be up-taken by human skin cells, keratinocytes, as natural melanosomes.
Moreover, these NPs perform in the cell an efficient photoprotective action which com-
bines UV filtration and antioxidant activity. Unfortunately, this protective action could be
demonstrated only in vitro and there is no evidence a similar mechanism may operate also
in vivo. The external layer of the skin, the epidermis, is an efficient barrier that prevents
the penetration of the melanin NPs; hence, more investigation is needed to evaluate the
possibility of using preformed melanin NPs as sunscreens. Additionally, the deep dark
coloration both natural and artificial melanin makes this material poorly appealing to the
cosmetic industry for the formulation of products for photoprotection. This issue may be
corrected by tuning the optical properties of melanin either chemically or photochemically.

7.2. Use of Melanin Precursors in Cosmetic Products
7.2.1. Melanin Precursors for Hair Coloration

The use of melanin precursors for hair coloration has been demonstrated to be a
winning strategy. Comparing coloration achievable using dopamine and polymerizing it
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directly on the hair with that obtained by applying preformed PDA NPs, it is clear that the
first approach gives a much more intense and stable coloration (i.e., resistant to washing).
This difference is due to the fact that dopamine molecules penetrate easily in the hair cortex
and they undergo polymerization to form large structures that cannot diffuse out of the hair.
The main disadvantage of this approach is that it requires the application to the hair, and
hence to the scalp in real use, of dopamine, which is a neuroactive substance and cannot be
used in purely cosmetic formulations. Moreover, as mentioned above, dopamine is a quite
expensive precursor and this make it not ideal for coloring. Future developments of this
approach should take into consideration alternative, cheaper, and less-bioactive precursors
such as, e.g., tyrosine. Indeed, use of this molecule as a precursor for hair coloration was
considered by the Gianneschi group, but in this case an enzyme, and not just simple oxygen,
was necessary to achieve melanin formation and coloration.

7.2.2. Melanin Precursors for Photoprotection

As far as we know, the possible formulation of cosmetic products based on melanin
precursor for photoprotection have not been investigated in detail. The most relevant
limitation we see in this is that the most investigated precursor of melanin, dopamine, is a
neuroactive molecule and is considered a drug by FDA. Hence, its application, even topical,
cannot be considered in a simple cosmetic treatment, and classification of a dopamine-based
product as a cosmetic formulation would be very unlikely. Moreover, the formation of
melanin from molecular precursors requires an oxidative environment that, in the simple
case of dopamine, can be simply atmospheric oxygen but that, in other cases, implies the
presence of strong chemical oxidants like permanganate or periodate that could damage
the skin or living cells.

7.3. Stability of Melanin NPs

Melanin NPs’ stability is another important issue concerning their application in
cosmetics. However, this aspect is not solely (or partially) considered when a melanin-
based system is developed as a cosmetic. In particular, stability should be considered from
several points of view. Indeed, it is not sufficient to assess the stability of melanin NPs in
water but also in different media (in organic solvents or in the presence of surfactants or
emulsifiers), simulating the characteristic medium for the desired application. Moreover,
stability correlated to the potential use of the cosmetic needs also to be assessed. For
example, in the case of hair coloration, color maintenance should be established with
washing and exposure to light. In sunscreen applications, the resistance to UV-induced
photodegradation as well as the resistance to water need to be evaluated. At the moment,
in the literature, only a few of these aspects are treated, while they should all have central
attention to pave the way for the real application of melanin NPs.

8. Conclusions

In conclusion, the potential use of melanin and related materials in cosmetics for
photoprotection and hair coloration is surely intriguing, since melanin is already present in
living beings and performing these same functions. Recent papers have demonstrated that
melanin, and in particular polydopamine, can be indeed used for these purposes in vitro:
for photoprotection, in the case of cultured human skin cells, keratinocytes, or for the
coloration of cut hair samples. Translation to in vivo applications and to real life use requires
further development. The actual photoprotective action of melanin on the skin of living
human beings has not been demonstrated yet. Moreover, the use of melanin in cosmetics
raises possible toxicity issues related to the size of these materials in the nanometric range,
which is considered a possible danger by the present regulations in the cosmetic field,
and to the possible presence of highly bioactive molecules like dopamine. As far as hair
coloration is concerned, direct formation of melanin into hair represents surely an optimal
strategy that is also not too dissimilar from existing coloring approaches. Nevertheless, also
in this case, the presence of an expensive and highly neuroactive molecule like dopamine
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makes it difficult to receive formal approval and the commercialization of any product
based on this strategy.
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