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Melanin is a natural biopolymer with intrinsic antioxidant, photoprotective, and anti-inflammatory
properties, making it a promising component for bioinspired functional materials. In this study, we report
a green, one-pot synthesis of hybrid melanin—calcium carbonate nanoparticles (melanin—-CaCO3z NPs)
via in situ polymerization of 5,6-dihydroxyindole-2-carboxylic acid (DHICA) on amino-functionalized
CaCOs templates. The resulting nanoparticles combine the biocompatibility of the inorganic scaffold
with the multifunctionality of melanin. Detailed physicochemical characterization confirmed the suc-
cessful formation of the hybrid system, while in vitro studies on two human cell lines demonstrated
excellent cytocompatibility, promotion of cell proliferation, and marked reactive oxygen species (ROS)-
scavenging ability, achieving approximately 70% ROS reduction at a dose of 10 pg mL™1. Notably, even
with a low melanin content (1%), the NPs exhibited significant intracellular photoprotective activity
against photoinduced oxidative stress. These findings suggest that melanin—-CaCOs NPs hold strong
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potential as green-engineered, multifunctional nanomaterials for biomedical applications, particularly in
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1. Introduction

Oxidative stress (OS) is a critical contributor to the onset and
progression of numerous pathological states, as it is closely
linked to a wide range of cellular and tissue injuries that
adversely affect various organs and biological systems.'™ OS
is caused by the imbalance between the generation and clear-
ance of oxidant species, which are mainly composed of reactive
oxygen species (ROS).*® These species are generated through a
combination of endogenous mechanisms - such as the activity
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oxidative stress-related therapies and photoprotection.

of fibroblasts, epithelial and endothelial cells, immune cells,
mitochondrial respiration, and NADPH oxidase - and exogen-
ous influences, including exposure to environmental pollu-
tants, radiation, toxic compounds, and certain pharmaceu-
ticals. Prolonged exposure to UVA radiation is especially
detrimental, as it enhances the intracellular buildup of ROS,
exacerbates oxidative stress, and triggers molecular damage—
manifesting in lipid peroxidation, alterations of the protein
structure, and genomic instability within skin cells. These can
significantly contribute to accelerated photoaging, weakened
immune response to UV exposure, and the development of UV-
related skin tumors.””® Under normal physiological conditions,
human cells exploit their enzymatic and non-enzymatic anti-
oxidant defence systems for maintaining the cellular redox
balance.’ In the presence of inefficient and insufficient defence
systems, the oxidant species can accumulate favouring serious
pathological conditions such as diseases, disorders and aging
with a progressive loss of function in tissues and organs.”

In recent years, considerable research has focused on the
creation of biocompatible nanomaterials that emulate natural
systems and exhibit strong radical-scavenging capabilities.'*™"?
These materials play a key role in modulating the redox balance
by neutralizing oxidant species and sustaining antioxidant
defences, thereby contributing to cellular protection under
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physiological conditions. Current strategies have further
evolved from simple radical scavenging to the engineering of
intelligent ’synthetic organelles’ capable of autoregulatory pro-
tection. For instance, recent work has demonstrated the
potential of enzyme-loaded nanoreactors that not only scavenge
ROS directly but also trigger endogenous glutathione biosynth-
esis in response to oxidative stress, ensuring durable mainte-
nance of intracellular redox homeostasis."* Consequently, there
is increasing interest in the design and development of bio- and
eco-compatible nanotechnological formulations aimed at pro-
tecting the skin and other tissues from the harmful effects of
UV radiation. This includes the advancement of sunscreens
and antioxidant-enriched skincare products with improved
stability, effectiveness, and targeted delivery.**** In this con-
text, melanin-like materials are considered highly promising
candidates for these aims. They are polyphenolic-like pigments
found in many different natural sources, from bacteria, fungi
and plants to fish, mollusks, mammals, and humans, which are
involved in a variety of biological functions and shield organ-
isms from harmful environmental factors.*® Notably, melanins
contribute significantly to physiological balance, especially by
regulating functions in the skin, hair, and eyes and by offering
protection against stress-related genetic damage.'”'® Due to
their notable physicochemical properties—such as biocompat-
ibility, ability to scavenge reactive oxygen and nitrogen species
(RONS), broad-spectrum light absorption spanning UV and
visible ranges, high photostability, heat conversion efficiency,
electrical conductivity, and paramagnetism'®—melanins are
promising macromolecules for developing functional bioma-
terials aimed at skin protection,?® wound repair,”>**> and eco-
friendly antioxidant, antibacterial,**>* or photoresponsive bio-
medical applications.>® Interestingly, melanin precursors, such
as 5,6-dihydroxyindole (DHI), 5,6-dihydroxyindole-2-carboxylic
acid (DHICA), and dopamine (DA), have been successfully
integrated at the molecular level with ceramic components -
including titanium,>® silica,”” and cerium?®® oxides, as well as
doped hydroxyapatite®® - resulting in hybrid nanoplatforms
that exhibit strong antimicrobial and antioxidant activities,
along with notable bioactive and diagnostic properties. Recent
advances in the design and tuning of such hybrid nanostruc-
tures, including core-shell and cloud-type morphologies, are
discussed in detail in the work by Pota et al.,*® which explores
how structural modifications can optimize functional proper-
ties for biomedical applications. Despite the significant pro-
gress in melanin-hybrid nanostructures, many existing systems
remain constrained by the use of persistent, non-biodegradable
inorganic cores, such as silica or metal oxides, which pose long-
term biosafety concerns regarding tissue accumulation.
Furthermore, most reported melanin-CaCO; architectures rely
on the physical adsorption of the pre-formed pigment or multi-
step coating procedures that often result in limited interfacial
stability and low radical-scavenging efficiency. There is a clear
need for simpler, ‘green’ synthetic routes that can achieve a
high degree of integration between the biopolymer and the
inorganic scaffold. By leveraging the in situ oxidative polymer-
ization of DHICA directly on CaCO; templates, we overcome
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these hurdles, producing a highly stable, biomimetic hybrid
that ensures maximum synergy between the mineral phase and
the melanin network while maintaining full biodegradability.
Beyond traditional ceramic hybrids, a variety of other nanos-
tructures have been extensively explored for photoinduced ROS
scavenging and photoprotective applications, demonstrating
the diversity of the field. For instance, recent studies have
highlighted the efficacy of specific polymer-based and metal-
doped nanoparticles in mitigating oxidative stress under
irradiation.>* However, despite the progress in these sys-
tems, CaCO; stands out as a particularly compelling platform
due to its unique combination of extreme biocompatibility, pH-
dependent biodegradability, and high loading capacity for
bioactive macromolecules. Naturally abundant and found in
structures like mollusk shells, CaCO; offers a safe and sustain-
able ‘green chemistry’ route that avoids the potential long-term
accumulation or toxicity issues sometimes associated with
synthetic metal-oxide or polymeric scaffolds.

Calcium carbonate (CaCOj), a naturally occurring inorganic
material, is valued in biomedical contexts for its biocompat-
ibility and ability to biodegrade safely. In diverse biomedical
applications, CaCO; shows significant potential, especially in
drug delivery, tissue regeneration, and imaging techniques.
CaCO; nanoparticles can serve as adjuvants in vaccine formu-
lations, helping to boost the immune response. Current studies
aim to enhance the properties of these materials and broaden
their applications to achieve better therapeutic results.
In recent years, CaCO; nanoparticles have been widely
utilized in combination with imaging contrast agents and
therapeutic compounds for diverse diagnostic and therapeutic
applications.>® Naturally abundant, calcium carbonate is a
major component of materials, such as mollusk shells, lime-
stone, or eggshells, and is highly intriguing for driving advance-
ments in novel biomedical systems in accordance with the safe
and sustainable nanotechnology design principle. Further
advantages include ease of preparation using gentle methods
such as co-precipitation and their ability to biodegrade into
harmless by-products at neutral pH, preventing the accumula-
tion of these materials in the body over time.>* Furthermore,
due to CaCOj’s strong ability to capture bioactive molecules, it
has been extensively utilized in biomedical research as a
sacrificial template for creating functional materials to explore
cellular vesicle acidification or enzyme compartmentalization
effects in catalytic cascades.*®*” Through the use of CaCO;
nanoparticles combined with drugs, a variety of treatments
such as chemical therapy, gene therapy, photothermal therapy
(PTT)/photodynamic therapy (PDT), and immunotherapy can
be accomplished.*® One of the unique features of these inor-
ganic nanomaterials is that their intrinsic physical, chemical
and biological properties can be easily tuned and enhanced by
surface functionalization. By exploiting their surface functio-
nalization, multifunctional nanosystems can easily achieve (i)
modification of their original surface chemical termination,
(ii) incorporation of new functional molecules onto the
surface, or (iii) coating of the surface with an additional
layer.>® This study focused on designing and synthesizing

© 2026 The Author(s). Published by the Royal Society of Chemistry
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melanin-functionalized calcium carbonate nanoparticles (mel-
anin-CaCO; NPs) endowed with enhanced protective capabil-
ities against oxidative stress, including that induced by light
exposure. A feasible synthetic strategy was proposed to realize
bio-functional nanostructures, in which crystalline nano-
calcium carbonate platforms were combined with DHICA
monomers to induce the oxidative polymerization to melanin.
The formation, chemical composition, and structural proper-
ties of the hybrid nanoparticles were thoroughly characterized,
along with evaluations of their biocompatibility, antioxidant
activity, and reactive oxygen species (ROS) scavenging under
light exposure, indicating strong prospects for biomedical uses.

2. Materials and methods
2.1 Materials

EDC (protein seq grade), NHS (98%), APTES (99.999%), ethanol
(absolute, >99.8%), fluorescein isothiocyanate (FITC), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT),
Hoechst 33342 (trihydrochloride and trihydrate), phosphate
buffer saline (PBS) and Annexin V were purchased from
Sigma-Aldrich and used as received. H,DCFDA was purchased
from Thermo Fisher Scientific and used as received. The
DHICA monomer and DHICA-melanin were prepared as
described elsewhere.?’

2.2 Synthesis of melanin-CaCO; nanoparticles

CaCO; nanocrystals (CaCO3-NCs) were prepared through a
spray drying process as described in our previous work.*®
Briefly, in spray drying, CaCl, solution and NaHCO; are mixed
under controlled conditions, because the concentration of the
precursor solutions ensures the optimal precipitation and
nanocrystal formation. The pH of the solution is also crucial,
as it can affect the size and morphology of the obtained CaCO;
crystals. Thanks to the high temperature, the liquid feed is
atomized into fine droplets, which are then rapidly dried in a
hot air stream. This process results in the formation of solid
particles with a desired size distribution and morphology.
Then, the surface of the obtained CaCO; nanocrystals was
functionalized with 3-aminopropyl-triethoxysilane (APTES), as
previously described in the literature.*®*' In particular, a
mixture of APTES (1.0 M) and CaCO3-NCs (0.150 g) in toluene
was prepared and the reaction was allowed to proceed at 90 °C
for 18 h in the dark under continuous stirring. Then, the
amino-functionalized CaCO; nanocrystals (named NH,-
CaCO0;-NCs) were recovered by centrifugation at 3500 rpm for
5 minutes, washed three times with distilled water and dried at
100 °C for 24 h. The NH,-CaCO;-NC weight was then calculated
to obtain the NH,-CaCO;-NC : DHICA molar ratio of 2:1 in the
reaction mixture. The DHICA/NH,-CaCO;-NC precursor was
synthesized by coupling DHICA carboxyl (-COOH) groups to
amino groups of APTES molecules through EDC/NHS chemis-
try. EDC (0.021 mM), NHS (0.25 mM), and NH,-CaCO;-NCs
(6.0 mg) were added to a DHICA deaerated solution (0.4 mM) in
ethanol (43.2 mL) and water (9.00 mL). The reaction was
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allowed to proceed under stirring for 15 min at 4 °C in an ice
bath. The pH of solution was measured (pH 10.5) to verify the
alkalinity of experimental conditions. Alkaline experimental
conditions facilitate the polymerization of melanin by
promoting the oxidation of DHICA precursors, improving the
interaction between melanin and inorganic nanoparticles,
enhancing melanin’s stability and structure, and enabling
better control over the functionalization of nanoparticles. The
NPs were recovered by centrifugation and repeatedly washed (5
times with distilled water).

Fluorescent melanin-CaCOj; nanoparticles (melanin-CaCOj3
NPs) were prepared by incubating NH,-CaCO; nanocrystals
(20 mg) with fluorescent isothiocyanate (0.4 mM) in an etha-
nol/water solution. The reaction was allowed to proceed for 6 h
in the dark under continuous stirring. The chemical conjuga-
tion between CaCO;-NH, and fluorescein isothiocyanate (FITC)
typically involves a reaction between the amino group on the
CaCO;-NH, surface and the isothiocyanate group (-N—C=S) of
the FITC molecule. FITC is an isothiocyanate derivative, which
contains a reactive -N—C=S group. The primary amino group
(NH,) on the surface of the CaCOj; particles can undergo a
nucleophilic attack on the carbon atom of the isothiocyanate
group of FITC. This reaction leads to the formation of a stable
thiourea bond (-NH-C(S)-N-) between the CaCO;-NH, surface
and FITC. The reaction is often carried out under mildly alka-
line conditions (pH 8-9), which promotes the deprotonation of
the amino group (NH,), enhancing its nucleophilicity and thus
improving the conjugation efficiency.*>

2.3 Physicochemical characterization

2.3.1 Transmission electron microscopy (TEM). The TEM
images were captured using a JEOL JEM 1400Plus microscope,
which is equipped with a Gatan Orius SC600 bottom-view
camera and a LaB6 filament. The microscope operated at an
accelerating voltage of 80 kV to minimize potential damage to
the organic coating. Sample preparation involved dispersing
the obtained powders in an aqueous solution, followed by
depositing a drop of this suspension onto one side of trans-
parent, polymer-coated 200 mesh copper grids. The nanoparti-
cle size distribution was determined by analyzing at least ten
different regions on the TEM grid using Image] software.
Measurements were performed using the oval selection tool,
calibrated against the scale bar embedded in each TEM image.
Particle diameters were computed under the assumption that
the nanoparticles are spherical.

2.3.2 Dynamic light scattering (DLS). The hydrodynamic
diameter and zeta potential of the nanoparticles were deter-
mined using a Malvern Zetasizer Nano ZS via dynamic light
scattering (DLS) analysis. All measurements were performed at
25 °C. To prepare the samples, a small volume of the original
suspension was diluted with ultrapure water (ddH,O) using a
syringe pre-filled with water. The diluted samples were then
introduced into a disposable zeta potential cell, ensuring the
exclusion of air bubbles prior to placing the cell into the
instrument for analysis. Particle zeta potential was measured
using laser Doppler velocimetry (LDV). The reported {-potential
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values are the average of five independent measurements, each
consisting of five runs, to ensure reliability and repeatability.

2.3.3 UV-Vis absorption and emission spectra. Optical
characterization was carried out by recording UV-vis absorption
and emission spectra using a Varian Cary 500 spectrophot-
ometer and a Varian Cary Eclipse spectrofluorometer, respec-
tively. All spectral data were obtained in deionized (DI) water.
For all measurements, quartz cuvettes with a 1 cm path length
were employed.

2.3.4 Electron paramagnetic resonance (EPR) spectro-
scopy. EPR measurements were conducted utilizing a Bruker
Elexsys E-500 spectrometer operating at X-band (9 GHz) fre-
quency, equipped with an ultrasensitive probe head (Rhein-
stetten, Germany). A precisely weighed amount (2 mg) of each
powdered sample was loaded into a quartz tube, which was
then inserted coaxially into a standard 8 mm quartz EPR
sample tube for spectral acquisition at a temperature of 25 +
2 °C. Instrumental parameters were set in accordance with
established protocols,* including a sweep width of 100 G, a
resolution of 1024 points, and a modulation frequency and
amplitude of 100 kHz and 1.0 G, respectively. Spectra were
acquired with an attenuation of 20 dB, and 128 scans were
accumulated to improve the signal-to-noise ratio. To facilitate
accurate determination of the g-factor and spin-density, an
internal standard consisting of Mg”*/MnO powder was placed
coaxially within the same quartz tube alongside the samples.
Then, power saturation (PS) curves were also recorded by
varying the microwave power from 0.004 mW to 128 mW.
Quantitative analysis involved measuring the line width (AB),
defined as the peak-to-peak separation of the first-derivative
spectral signal, which reflects the instrument’s response.
All measurements were performed in triplicate using
independently prepared samples for each system, allowing
estimation of experimental variability. The resulting uncer-
tainty was approximately 30% for the radical concentration
and £2 x 10~* for the g-factor.

2.3.5 Thermogravimetric analysis (TGA). TGA was carried
out using a TA Instrument thermoanalyser SDT Q600 (TA
Instrument, New Castle, DE, USA) to study the thermal behavior
of obtained samples. Approximately 2 mg of each sample was
tested under a nitrogen atmosphere at a heating rate of
10 °C min ",

2.3.6 Fourier transform infrared spectroscopy using atte-
nuated total reflection (FTIR/ATR). Fourier transform infrared
spectroscopy using attenuated total reflection (FTIR/ATR) ana-
lysis was performed by using a Nexus FT-IR spectrometer and
positioning the samples on a crystal of ZnSe. The FTIR absorp-
tion spectra were recorded in the 4000-400 cm ™' range with a

spectral resolution of 8 cm™".

2.4 Biological investigation

2.4.1 Cell culture. As shown previously in ref. 44,
the human fibroblast cell line WS1 (ATCC®CRL-1502™)
(RRID: CVCL_0560) was procured from ATCC (Manassas, VA),
whereas human immortalized keratinocytes (HaCaT) (RRID:
CVCL_0038) were obtained from Innoprot (Derio, Spain). The
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cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum, 2 mM
t-glutamine, and antibiotics. They were maintained in a humi-
dified incubator with 5% CO, at 37 °C. Cultures were passaged
every 48 hours at a 1:5 dilution. Prior to passaging, the culture
medium was aspirated, the cells were rinsed with phosphate-
buffered saline (PBS) and then detached with trypsin-EDTA.
Following centrifugation at 1200 rpm for five minutes, the
resulting cell pellet was resuspended in fresh culture medium.

2.4.2 Analysis of cell viability. As previously demonstrated
in ref. 45, cells were seeded into 96-well plates at a volume of
100 pL per well, achieving a cell density of 2.5 x 10> cells per cm”.
Following a 24 hour incubation period post-seeding, the cells
were exposed to increasing concentrations (ranging from 1 to
200 pg mL ') of CaCO;-NC, NH,-CaCO;-NCs, and melanin-
CaCO; nanoparticles. Stock suspensions of these nanoparticles
were prepared in distilled water at a concentration of
0.2 mg mL~', and appropriate aliquots were added to the
culture medium to attain the desired final concentrations. After
24 hours of treatment, cell viability was evaluated using the
MTT assay. Additional assessments were performed at 24, 48,
and 72 hours by treating both cell lines with 100 pg mL™" of
each nanoparticle formulation. For the assay, the MTT reagent
dissolved in DMEM without phenol red was added at a concen-
tration of 0.5 mg mL~". Following a 3 hour incubation at 37 °C,
the medium containing MTT was removed, and the resulting
formazan crystals were dissolved in 100 uL of DMSO per well.
The absorbance of the blue formazan was measured at 570 nm
using an automated plate reader (Microbeta Wallac 1420,
PerkinElmer, Milan, Italy). Cell viability was expressed as the
percentage of surviving cells relative to control groups, which
included untreated cells and cells treated with equivalent
volumes of DMSO to account for any effects of the solvent on
cell viability.

2.5 Cell proliferation

As has been previously demonstrated in ref. 45, cell prolifera-
tion was evaluated in human fibroblasts (WS1) and human
keratinocytes (HaCaT) using the Hoechst assay, which enables
quantification of cellular DNA.*® Briefly, cells were incubated
for 24 hours with 100 ug mL ™" of CaCO; nanocrystals (CaCO3-
NCs), as well as 100 ug mL ™" of NH,-functionalized CaCO;
nanocrystals (NH,-CaCO;-NCs) and melanin-coated CaCOj;
nanoparticles (melanin-CaCO; NPs). Following incubation,
the cells were harvested from 12-well plates and suspended in
100 pL of Hoechst buffer (composed of 0.1 M NaCl, 1 mM
EDTA, and 10 mM Tris, pH 7.4). To facilitate cell lysis and DNA
release, the suspensions were subjected to five cycles of freez-
ing and thawing. The assay was performed in black, fat-bottom
plates with low background fluorescence to enhance detection
sensitivity. Fluorescence measurements were obtained using a
PerkinElmer LS50 spectrofluorometer (excitation at 360 nm
and emission at 460 nm). A calibration curve was prepared
using calf thymus DNA standards to quantify the DNA concen-
tration. Each sample’s DNA content, expressed in micrograms
per milliliter (ug mL™"), was determined by comparing its

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fluorescence intensity to the standard curve, following the
addition of 2 pL of Hoechst dye to each sample.

2.5.1 UVA irradiation and H,DCFDA assay. To assess the
protective efficacy of melanin-CaCO; nanoparticles (NPs)
against oxidative stress, cells were seeded at a density of
3.5 x 10" cells per cm” in 60 mm eukaryotic cell culture plates,
as shown previously in ref. 44. The cells were pre-treated with
increasing concentrations of melanin-CaCO; NPs (ranging
from 0.1 to 10 pg mL ") for 120 minutes prior to exposure.
Oxidative stress was induced by UVA irradiation at 100 ] cm >
for 10 minutes. Following irradiation, cells were incubated with
the cell-permeable, redox-sensitive dye H,DCFDA at a final
concentration of 20 pM for 30 minutes at 37 °C. Subsequently,
cells were washed twice with cold PBS, detached using trypsin,
centrifuged at 1000 rpm for 10 minutes, and resuspended in
PBS supplemented with 30 mM glucose, 1 mM CacCl,, and
0.5 mM MgCl, (referred to as PBS plus) to achieve a cell density
of 1 x 10° cells per mL. H,DCFDA remains non-fluorescent
until hydrolyzed by intracellular esterases; in the presence of
reactive oxygen species (ROS), it is oxidized to the highly
fluorescent 2’,7’-dichlorofluorescein (DCF). Fluorescence inten-
sity of DCF was measured at an emission wavelength of 525 nm,
with excitation set at 488 nm, using a PerkinElmer LS50
spectrofluorometer (PerkinElmer, Milan, Italy). Spectral data
were acquired at a scanning speed of 300 nm min ", with a slit
width of 5 nm for both excitation and emission. ROS produc-
tion was quantified and expressed as a percentage relative
to the fluorescence intensity of untreated control samples.
Additional controls included CaCO5;-NC and NH,-CaCO3;-NC
nanoparticles.

2.5.2 Quantification of the internalized melanin-based
NPs. HaCaT and WS1 cells were seeded at a density of 3.5 x
10* cells per cm” on 100 mm diameter eukaryotic cell culture
plates and incubated in complete medium for 24 hours. Sub-
sequently, the cells were exposed to 10 pg mL ™' of melanin-
CaCO; nanoparticles for 60 minutes. Following treatment, total
cell lysates were prepared by resuspending each cell pellet in
50 pL of lysis buffer composed of 100 mM Tris-HCl, 300 mM
NaCl, and 0.5% NP-40 at pH 7.4, supplemented with protease
and phosphatase inhibitors. Protein concentrations were deter-
mined using the Bradford assay, and 50 pg of protein extracts
were diluted in 1 mL of 50 mM potassium phosphate buffer (pH
7.0). UV-visible spectra were recorded to analyze the samples.
The extent of melanin-CaCO; nanoparticle internalization by
the cells was quantified by referencing a calibration curve
established with known concentrations of melanin-CaCO;
nanoparticles alone. For this purpose, UV-vis spectra were
obtained from samples containing increasing concentrations
(1-100 ug mL~") of melanin-CaCO; nanoparticles, both in the
absence and presence of 50 pg of cell lysate. The calibration
curves were generated by plotting absorbance values at 320 nm
against nanoparticle concentrations.**

2.5.3 Staining of living cells and confocal microscopy
investigation. The procedure for staining living cells has been
described in our previous publication.*” Specifically, HaCaT
and WS1 cells were cultured on 35 mm glass-bottom Petri
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dishes and allowed to grow in complete media for 24 hours.
Subsequently, the cells were exposed to melanin-CaCO; nano-
particles at a concentration of 10 pg mL™', for either
30 minutes or 2 hours. These nanoparticles were conjugated
with FITC. Following incubation, the cells were rinsed twice
with phosphate-buffered saline (PBS), then stained with
Hoechst dye, and immediately imaged using confocal micro-
scopy, with complete media lacking phenol red. Imaging was
performed using a Zeiss LSM700 confocal microscope (Zeiss,
Germany) mounted on a Zeiss Axio Observer Z1 inverted
microscope, equipped with a 63 x oil immersion objective with
a 1.46 numerical aperture. Fluorescence excitation was
achieved with laser lines at 405 nm for Hoechst and 488 nm
for FITC-conjugated nanoparticles.

2.6 Protective effect of melanin-CaCO; NPs by flow cytometry
analysis

As reported in our previous work®® to analyze the cytocompat-
ibility and the protective effects of melanin-CaCO; NPs against
the cytotoxic effect of hydrogen peroxide in apoptosis induc-
tion, both HaCaT and WS1 human cells were incubated for 24 h
with the melanin-CaCO; NPs and, after washing out of the
particles, were treated with 1 mM H,0, for 30 min to induce
cell death. After 24 h of stress induction, cells are extensively
washed with PBS, gently collected using 1x PBS/2 mM EDTA
and incubated with Annexin V (BD Biosciences) for 20 min at
room temperature in the dark according to the manufacturer’s
instructions. Annexin V marks phosphatidylserine exposed on
the outer leaflet of the plasma membrane of dying cells. CaCO;-
NCs and NH,-CaCO3;-NCs were also tested as control. Apoptosis
(percentage of cells positive for annexin V) was measured with a
FACS flow cytometer Accuri C6 (Becton Dickinson).

3. Results and discussion

3.1 Chemical conjugation and physicochemical properties of
melanin-CaCO; NPs

The experimental approach developed to obtain melanin-
CaCO;3NPs is illustrated in Fig. 1. Melanin-CaCO; NPs
were obtained through the oxidative polymerization of DHICA
(0.4 mM) on CaCOz; NPs functionalized with 3-aminopro-
pyltrimethoxysilane (APTES). DHICA was selected as the mela-
nin precursor due to its structural and electronic features. The
presence of the carboxyl group affects both the polymerization
pattern and the supramolecular organization, leading to
eumelanin-like materials with distinct redox properties com-
pared to DHI- or dopamine-derived melanins. This is particu-
larly relevant for applications where controlled radical behavior
and redox buffering capacity are required.

More in detail, the synthetic approach relied at first on the
formation of amino-functionalized CaCO; NPs (6.0 mg)*® and
then, the conjugation of APTES-DHICA was obtained through
the coupling reaction between the amino group of APTES and
the carboxyl group of DHICA using the N-(3-(dimethylamino)-
propyl)-N'-ethyl-carbodiimide hydrochloride (EDC)/N-hydroxy

Mater. Adv., 2026, 7, 5707-5720 | 571


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01417d

Open Access Article. Published on 14 May 2026. Downloaded on 6/14/2026 5:10:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

90°C, 20h

Toluene

OH
/

ol =
Tidles 3.A

CaCo 3

View Article Online

Materials Advances

q ‘
/k melanin-CaCO,-NPs

OH
4°C, 15 min
EDC/NHS
o

/\

OH
hoxysil (APTES) DHICA
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succinimide (NHS) reaction. The reaction parameters were
adapted from existing studies,’” with a controlled low tempera-
ture to prevent unwanted side reactions.*® The reaction yield
was 90% based on weight measurement. The alkaline experi-
mental condition is guaranteed by the presence of CaCO;
alone. The pH plays a crucial role in the polymerization of
DHICA to melanin on the inorganic nanoparticles: the func-
tional groups on both the CaCO; nanocrystals and melanin
molecules can interact more efficiently under alkaline condi-
tions. The pH can influence the redox reactions occurring in
the precursor molecule; in fact, DHICA undergoes oxidation
and polymerization under alkaline conditions. The hydroxyl
groups on the precursor molecules are deprotonated at high
pH, promoting the nucleophilic attack on the substrates and
aiding the formation of reactive intermediates that drive mel-
anin formation. Alkaline conditions stabilize certain intermedi-
ates and may facilitate better polymerization of melanin by
enabling the aggregation of the oxidative products that even-
tually form the melanin structure.

To produce FITC-labeled melanin-CaCO; nanoparticles, the
amino-functionalized CaCO; particles were allowed to react
with fluorescein isothiocyanate (FITC). NP characterization
was assessed using both dynamic light scattering (DLS) mea-
surements and TEM images. DLS measurements were assessed
for each step of synthesis procedure as summarized in Table 1.
Naked CaCO; nanocrystals in water tend to aggregate, as
demonstrated by the higher hydrodynamic diameter and poly-
dispersity index. The amino functionalization improves colloi-
dal stability, as suggested by a lower PDI, and increases the
surface charge to a positive value (+14.8 mvV). Indeed, the
oxidative polymerization of DHICA on amino-functionalized
CaCO; nanoparticles led to a significant modification of the
{-potential value (—17.4 + 3.8 mV), and the size seems to be
smaller (323 + 5.0 nm) probably due to the minor aggregation

Table 1 Dynamic light scattering characterization of CaCOsz-based
nanoparticles

PDI {-Potential
Sample Size (nm)  (polydispersity index) (MV)
CaCO5-NC 760.1 + 1.6 0.426 —4.5 £ 1.23
NH,-CaCO3;-NC 427.2 £ 3.5 0.313 +14.8 £+ 0.70
Melanin-CaCO; NPs 323 £+ 5.0 0.15 —-17.4 + 3.8

5712 | Mater. Adv,, 2026, 7, 5707-5720

phenomena that occur in water, as confirmed by both the
single broad population (Fig. S1) and the low PDI (0.15). The
morphological characterization of melanin-CaCO; NPs was
conducted by TEM analysis, which revealed good sample pre-
paration and dispersion of nanoparticles with an almost round-
shaped nanostructures (Fig. S1 and Fig. 2a). According to the
nanoparticle size distribution (Fig. 2b), almost 50% of analyzed
nanoparticles show a dimension of about 104 £ 1 nm in
diameter. This result compared to the DLS one confirmed the
tendency of nanoparticles to self-aggregate in aqueous med-
ium, leading to the formation of clusters of melanin-CaCO;
NPs with a mean size greater than that of single one as
observed by TEM. Furthermore, the DLS measurements were
performed for 21 days to verify the stability of melanin—-CaCO;
synthetized NPs (Fig. S2). Fig. S2 indicates that DHICA functio-
nalization enhances colloidal stability and reduces the ten-
dency to aggregate, which are critical features for biomedical
applications such as biodistribution and cellular uptake.

EPR analysis was performed to evaluate the polymerization
of DHICA into melanin and to explore the chemical and
structural features of the pigment component within the mel-
anin-CaCO; nanoparticles. As shown in Fig. 3A, the EPR
spectrum of melanin-CaCO; NPs exhibited a single symmetric
signal centered at a g-factor of 2.0037 £ 0.0003, with a linewidth
(AB) of 6.8 + 0.2. These parameters, derived from the experi-
mental spectrum described in Fig. 3A, provided indirect insight
into the chemical environment and spatial distribution of
paramagnetic centers within the pigment matrix. This signal
is characteristic of carbon-centered radicals typical of melanin
and melanin-like pigments, as previously reported.***>>°
A similar EPR profile was observed for pure DHICA-
derived melanin, showing a g-factor of 2.0035 £+ 0.0003 and
AB = 5.7 £+ 0.2. The difference observed in the AB values
confirms that the supramolecular organization of the melanin
coating onto CaCOj; nanoparticles is directly influenced by its
interaction with the inorganic matrix, in contrast to pure
melanin. This interpretation is further supported by the dis-
tinct trends observed in the power saturation curves, as illu-
strated in Fig. 3B, indicating that melanin supported on CaCO;
exhibits a different microstructural organization, which may
favour the exposure of redox-active sites, in agreement with
previous evidence.?” Complementary to the paramagnetic char-
acterization, the optical properties were investigated by UV-vis

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(A) Normalized EPR spectra and (B) power saturation curve of the melanin pigment contained in synthetized melanin—CaCOx NPs (a) and DHICA-

melanin (b) obtained from conventional oxidative polymerization in the absence of any inorganic matrix that can be considered as the reference.

spectroscopy. The absorption spectrum (Fig. S4) exhibits a
characteristic broadband profile with a monotonic increase
towards the UV region, culminating in a maximum intensity
around 300 nm. This profile is typical of melanin-like pigments
and confirms the successful functionalization of the CaCO;
matrix. Importantly, this strong absorption in the UV range is a
critical functional feature for the proposed application: it
enables the nanoparticles to effectively act as ‘optical shields’
that filter high-energy radiation, thereby reducing the photo-
oxidative burden on cells during the irradiation experiments
described in Section 3.2.1. The close agreement of both the g-
factor and AB values strongly supports the successful formation
of melanin on the CaCO; NPs. Moreover, the spin density was
estimated to be equal to 1.87 x 10'7 spins g™, confirming the
presence of melanin’s radical centers and reflecting the total

© 2026 The Author(s). Published by the Royal Society of Chemistry

radical concentration per gram of nanostructured material,
consistent with previously reported systems.”®*®*' Finally,
thermogravimetric analysis (TGA) provided a quantitative esti-
mate of the melanin associated with CaCO; NPs, revealing a
content of approximately 1%, as indicated by the weight loss
(Fig. S5), thus confirming the low pigment loading in the
hybrid melanin-CaCO; NPs. On the other hand, FTIR/ATR
indicates similarities between the spectra of uncoated and
melanin-coated CaCO; NPs (Fig. S6), which might be due to
the fact that the main functional group of melanin is exposed
in the same region of interest as CaCOj;’s ones, indirectly
confirming that the coated sample is composed of a very low
amount of pigment. All these findings clearly indicate that the
inorganic CaCO; matrix facilitated the oxidative polymerization
of the DHICA precursor into melanin.
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3.2 Biological assays

3.2.1 NP-cell interaction. Human exposure to nano-
materials and nanoparticles is increasing rapidly, but their
effects on human health are still largely unknown.
Interestingly, our previous studies demonstrated an efficient
cellular uptake of naked CaCO;3-NCs, amino-functionalized
CaCO; nanocrystals, and bio-conjugated CaCO; nanocrystals
by different cancer cell lines,*>***° with a negligible cytotoxic
effect.

In this work, before investigating the antioxidant and the
cytoprotective effect of melanin-CaCO; NPs, at first, we eval-
uated the effect of exposure of HaCaT (human epidermal
keratinocyte) and WS1 (fibroblast cell isolated from the skin)
cell lines, to naked CaCO3-NCs, NH,-CaCO;-NCs and melanin—
CaCOj; NPs. The use of HaCaT and WS1 is appropriate because
these are the primary cell types found in human skin, the organ
most directly affected by UV radiation and photo-oxidative
stress. A very important aspect is the identification of the most
relevant dose for particle toxicity, so in this context, HaCaT
(Fig. 4a) and WS1 (Fig. 4c) cells were exposed for 24 hours to
different concentrations of NPs (from 1 up to 200 ug mL ™). No
cytotoxic effect was observed; then, having fixed the concen-
tration of 100 pg mL™", a time-course was carried out up to 72
h, for both cell lines (Fig. 4b and d). At 72 hours, there is a slight
decrease in cell viability, but it does not appear to be statisti-
cally significant.

Furthermore, cell proliferation was examined by measuring
the DNA concentration where an increase indicates cell growth.
While melanin—-CaCO; NPs did not seem to influence the
metabolic activity of HaCaT and WS1 cells (Fig. 4), it signifi-
cantly increased cell proliferation (Fig. 5). The evaluation of
cytotoxicity and proliferation demonstrated the harmlessness
of CaCO5-NCs and NH,-CaCO5-NCs in both selected cell lines
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CaCOsx cells (black bar) and WS1 cells (white bar). NT refers to untreated
cells. Data represent means + SD of three independent experiments.

in vitro at the selected concentrations. In contrast, although
melanin-CaCO; NPs do not affect cell viability by reducing
metabolic activity, the proliferation is considerably increased.
Bare CaCO;-NCs were employed as direct control because free
DHICA-melanin was not readily obtainable in a form directly
comparable to that produced on CaCO; nanoparticles. Indeed,
DHICA-melanin functions as an organic dopant within the
carbonate scaffold, modulating surface chemistry and redox
behavior, thereby enabling a meaningful assessment of the
hybrid material’s biological effects.>® To carry out the tests on
photoprotective ability, the next culture conditions were chosen
for being innocuous to both cell lines and, at the same time,
containing the highest amount of melanin-CaCO; NPs.
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Fig. 4 Cell viability evaluation. Effect of CaCO3-NCs, NH,-CaCO3-NCs, and melanin—CaCO3z NPs on the viability of HaCaT (a) and WS1 (c) cells treated
for 24 hours. The concentrations tested are in the range of 0 to 200 uM for each condition. Time-course up to 72 h of HaCaT (b) and WS1 (d) cells
exposed to 100 pg mL™ of CaCOs NC (black histogram), NH,-CaCOsz-NCs (gray histogram), and melanin—-CaCOs NPs (white histogram). Values
represent mean + SD and were obtained from five independent experiments.
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As validated in our prior work,*> CaCO; nanocrystals ensure
safe long-term fate by dissolving in lysosomal acidity (~pH 5),
preventing accumulation. In this study, cellular internalization,
at different time points (3 h and 24 h), was evaluated
by also confocal microscopy using melanin-CaCO; NPs con-
jugated with FITC. HaCaT and WS1 cells were incubated with
100 pg mL ™" of fluorescent melanin-CaCO; NPs, and the
micrographs reported in Fig. 6 show how these NPs were
internalized in the cells already only after 3 hours of exposure,
as suggested by the green fluorescence reported in the central
panel of the figure. The morphology of the nuclei shows that no
alterations are observed even after long periods of incubation,
confirming that there are no cytotoxic effects from the exposure
of the cells to these NPs. To confirm internalization into cells,
confocal Z-stacks were acquired (Fig. S3). To quantify the
amount of internalized melanin-CaCO; NPs by cells, HaCaT
and WS1 cells were subjected to incubation with melanin

View Article Online
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CaCO; NPs at a concentration of 10 ug mL~" for a duration
of 60 min. Subsequently, the complete cell lysates were care-
fully prepared. The ultraviolet-visible (UV-vis) spectra of lysates
derived from both untreated and treated cells were recorded.
Through this analysis, the extent of melanin internalized by the
cells was estimated to be approximately 40% in HaCaT cells
and 32% in WS1 cells. This estimation was based upon the
absorbance measured at 330 nm in the lysates of the treated
cells, with reference to the calibration curve established using
pure melanin-CaCO; NPs (Fig. S4). The rate and the mecha-
nism of internalization of CaCO; and NH,-CaCO5;-NCs have
been extensively investigated in different cancer cell line
models, in our previous studies.?>"®

3.2.2 Protective effect of melanin-CaCO; NPs against
hydrogen peroxide-induced apoptosis. Melanin effectively
scavenges a wide range of reactive species, including
superoxide anion (O, ), hydrogen peroxide (H,O,), hydroxyl

Hoechst

HaCat

WS1

HaCat

Ws1

FITC

Fig. 6 Confocal images of HaCaT and WS1 cells treated with 100 pg mL~* of melanin-CaCO3z NPs conjugated with FITC. The green fluorescence signal
is associated with NPs, and blue represents nuclei stained with Hoechst. The scale bar is indicated in each panel.
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radicals (*OH), and nitric oxide (NO). Furthermore, it can also
chelate metal ions (such as iron and copper), which are often
involved in the generation of reactive species through Fenton
reactions limiting ROS production.

The protective effect of melanin-CaCO; NPs against hydro-
gen peroxide-induced apoptosis was verified incubating HaCaT
and WS1 cells for 24 h with NPs; then, the cells were treated
with 1 mM H,O, for 30 min. The apoptosis was assessed
through FACS analysis staining the cells with annexin V.
Fig. 7 demonstrates that all samples tested (naked CaCOs;
nanocrystals, amino-functionalized CaCO; nanocrystals, and
melanin CaCO; NPs) were biocompatible both in HaCaT
(Fig. 7a) and WS1 (Fig. 7b) cell lines. Hydrogen peroxide
treatment induces a strong cell death and over 80% of cells
were positive for annexin V in both cell lines. Instead, the
preventive incubation of cells with melanin CaCO; NPs
revealed a significative protective effect; indeed, the apoptotic
cells were at most 32-35% in HaCaT and WS1 cells, respec-
tively. This effect was due to the redox properties of dark
eumelanin which plays a role in the protection from free
radicals and oxidative insults.>">*"**> This mechanistic inter-
pretation is further supported by EPR measurements, which
revealed the intrinsic radical character of melanin within the
nanoparticles. Importantly, the paramagnetic character evi-
denced by EPR is directly linked to melanin’s radical scaven-
ging activity, as the presence of stable unpaired electrons
provides redox-active centers capable of interacting with and
neutralizing reactive species. These stable paramagnetic cen-
ters underpin its redox capacity, providing a direct link between
the radical nature of melanin and the observed reduction of
oxidative stress and apoptosis in treated cells. Furthermore, the
protective role of melanin CaCO; NPs in the photoinduced
oxidative stress against HaCaT and WS1 cell lines was assessed
under UVA irradiation, chosen as a source of stress.>® Ultravio-
let irradiation may cause serious cellular and molecular tissue
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damage when living organisms are directly exposed without
filtering.>” This assay focused on UV blocking ability of our
melanin CaCO; NPs against the damaging effects of UVA
irradiation. A dose-response experiment was first performed
incubating HaCaT and WS1 cells with increasing concentra-
tions of naked CaCO;-NCs, NH,-CaCO;-NCs, and melanin-
CaCO; NPs (0.1-10 pg mL™") for 2 h prior to UVA irradiation
treatment, and immediately after irradiation, ROS production
was evaluated by the H,DCFDA assay.

As shown in Fig. 8, at first, the HaCaT (a) and WS1
(b) cells were incubated at the maximum chosen concentration
(10 pg mL™") of each sample to evaluate a possible ROS
production related to nanomaterial exposure without UVA
irradiation. In this case, DCF fluorescence did not show a
significant increase, also in the presence of melanin-CaCOj;
NPs. Instead, ROS levels increased considerably on irradiated
cells (Fig. 8c and d) under all tested conditions, but interest-
ingly, only when cells were preincubated with melanin-CaCOj;
NPs prior to UVA exposure, ROS production was decreased in a
dose dependent manner, reaching the levels observed in non-
irradiated cells when the melanin-CaCO; NPs were tested
already at 5 pg mL~". This evidence confirmed that the cyto-
protective activity was exerted by the internalized melanin-
CaCO; NPs, which acted inside the cells to preserve their
integrity and not simply through a UV-shielding mechanism.
Together with this peculiar behavior, these results appeared to
be much more valuable considering the low content of melanin
included in the final NPs which has already proven to be useful
to confer a significant photoprotection ability to CaCO;.>*7°
Several studies have shown that melanin nanoparticles, includ-
ing those combined with CaCOj;, can exert protective effects
within cells by scavenging ROS and reducing oxidative stress.
This is especially significant because melanin’s antioxidant
properties are not restricted to UV protection but also include
direct neutralization of free radicals and ROS in the cytoplasm,
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Fig. 7 Protective effect of naked CaCO3z nanocrystals, amino-functionalized CaCOsz nanocrystals, and melanin CaCOz NPs in two human cell lines.
HaCaT cells (a) and WS1 cells (b) were treated with 1 mM H,O, for 30 min after 24 h of incubation with melanin-CaCO3 NPs followed by wash out of the
particles. After 24 h of treatment, the cells were stained with annexin V, and the apoptosis was evaluated by FACS. NT: untreated with H,O,. Data are
expressed as means + standard error of the mean of three independent experiments. Statistical analysis was performed using two-way ANOVA followed
by Sidak’s multiple comparisons test. p-Values are indicated in the figure and represent the comparison between conditions (—H,O, vs. +H,0,).
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Fig. 8

Intracellular ROS levels by 2’,7'-dichlorodihydrofluorescein diacetate (H,DCFDA) assay: antioxidant effects of CaCOs-NCs (dark grey bars), NH,-

CaCO3-NCs (light grey bars), and melanin—CaCOs NPs (white bars) on HaCaT cells (a) and WS1 cells (b) pre-incubated with 10 pg mL™* of each sample
for 2 h prior to 10 min of UVA irradiation (100 J cm™2) . Black bars refer to untreated cells. Dose-response analysis: HaCaT cells (c) and WS1 cells (d) were
pre-incubated with increasing concentrations of each sample for 2 h prior to 10 min of UVA irradiation (100 J cm~2). Black bars refer to untreated cells.
Values are expressed as % with respect to control (i.e. untreated) cells. Data shown are means + SD of three independent experiments. Statistical analysis
was performed using two-way ANOVA followed by Sidak's multiple comparison test. **** p < 0.0001 vs. the respective non-treated control (NT).

Differences at 0.1 ug mL™* were not statistically significant (ns).

mitochondria, and other cellular compartments. The choice of
CaCO; as an inorganic support offers distinct advantages over
traditional persistent materials like SiO,, TiO,, and CeO,,
particularly regarding intracellular fate and antioxidant safety.
A comprehensive summary of the biological performance of the
different nanoparticle systems, highlighting the superior prop-
erties of the melanin-hybrid design, is provided in Table 2.
While metal-oxide supports such as TiO, can exhibit unin-
tended pro-oxidant behaviour under UV exposure or cause
‘dark toxicity’ through mitochondrial interference, CaCO; is
metabolically inert and undergoes pH-dependent biodegrada-
tion within acidic endo-lysosomal compartments. This ensures
that the nanoparticles do not accumulate permanently within
the cell, instead decompose into essential calcium ions that are

safely integrated into cellular homeostasis. From a mechanistic
standpoint, the CaCO; matrix facilitates a superior antioxidant
performance by providing a high-surface-area, biocompatible
scaffold that maximizes the accessibility of melanin’s paramag-
netic centers for ROS scavenging, avoiding the environmental
fouling or surface-masking effects often observed with more
chemically rigid inorganic cores. Furthermore, as reported in
the literature, the size of our nanoparticles plays a crucial role
in their antioxidant activity.®"®> Recently, Carmignani et al.
synthesized a series of melanin-mimic nanoparticles with sizes
ranging from 150 to 960 nm and found that the scavenging
efficiency was highest for the smallest nanoparticles.®® Gian-
neschi and coworkers synthesized melanin-like NPs by simple
polymerization of dopamine in an alkaline environment. They

Table 2 Summary of the comparative biological performance, including cell viability, proliferation, ROS scavenging efficiency, and cytoprotective

activity of CaCO3-NCs, NH,-CaCO3-NCs, and melanin—CaCOsz NPs

Cell viability

ROS scavenging Cytoprotection

Sample (up to 200 pg mL ™) Cell proliferation efficiency (H,0,-induced apoptosis)
CaCO;z; NC High (>95% - biocompatible) Baseline Negligible None

NH,-CaCO;NC High (>95% - biocompatible) Baseline Negligible None

Melanin-CaCO; NPs High (>95% - biocompatible) Significantly increased Very high Significant

© 2026 The Author(s). Published by the Royal Society of Chemistry

(~50% reduction at 5 pg mL™") (apoptosis reduced by ~60%)
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reported the ROS-scavenging properties of these nanoparticles
in human epidermal keratinocytes (HEKa).®* All these studies
underscored the critical relationship between the size and
structural organization of melanin-like nanoparticles and their
antioxidant efficacy, which could be presumably driven by the
differential exposure and accessibility of specific chemical
functional groups integral to radical scavenging mechanisms.

4. Conclusions

Oxidative stress occurs when there is an imbalance between the
generation and accumulation of ROS in cells and tissues and
the ability of the biological system to eliminate these reactive
substances. The accumulation of oxidative damage can impair
cellular function leading to DNA mutations or can trigger
inflammatory responses exacerbating tissue damage and
increasing cancer risk. Furthermore, chronic oxidative stress
is associated with aging and the development of age-related
diseases. The body employs antioxidants (e.g., vitamin C,
vitamin E, and glutathione) to neutralize ROS and minimize
damage. Melanin nanoparticles have gained attention for their
potential cytoprotective action, particularly in counteracting
oxidative stress by absorbing UV radiation and scavenging
ROS.51’65’66

This paper presents the synthesis of melanin-CaCO3; NPs
according to the in situ polymerization of DHICA on amino-
functionalized CaCO; nanoparticles. The proposed strategy of
using APTES-functionalized CaCO; nanoparticles ensures the
colloidal stability of melanin-based nanosystems and the suc-
cess of the polymerization process also favored by the alkaline
conditions. The basic pH, promoting the oxidative polymeriza-
tion of DHICA onto CaCO; nanoparticles, plays a crucial role in
facilitating the conversion of DHICA into a stable polymeric
structure, which is essential for the formation of melanin-like
nanoparticles with enhanced stability and ROS-scavenging
ability.

The produced NPs show a round shape morphology with a
good biocompatibility and a high rate of cell internalization,
important features for dermo-cosmetic applications.®” The
findings demonstrate that the melanin-CaCO; NPs are biocom-
patible, internalized by skin cells, and effectively protect them
from oxidative stress induced by H,0, and UVA irradiation.
Indeed, these NPs protect immortalized human keratinocytes
(HaCat) and fibroblasts (WS1) from damage caused by oxidative
stress, as proved by the significantly reduction of stress para-
meters including ROS. Therefore, the protective action of
melanin-CaCOj; nanoparticles extends to intracellular mechan-
isms of oxidative stress mitigation, not just UV protection. The
mechanism of antioxidant activity relies on the melanin’s
chemical structure, because it contains multiple phenolic
groups and heteroatoms (such as nitrogen), which allow it to
interact with and neutralize reactive molecules by scavenging
free radicals and stabilizing cellular membranes. Also, these
processes can help to protect cells from oxidative damage to
lipids, proteins, and DNA.
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The findings presented here provide new opportunities for
the design of innovative hybrid nanoparticles with cyto-
protective activity for nanomedicine applications. These nano-
particles offer a promising avenue for combating oxidative
stress through their potent antioxidant activity and ability to
protect cellular structures and modulate inflammatory responses.
Their potential applications in therapeutic settings—particularly
for neuroprotection, drug delivery, and overall cytoprotection—
make them a subject of active further research in the fields of
nanomedicine and biochemistry. However, further studies will
need to include in vivo experiments, assess inflammatory
markers, and evaluate long-term toxicity. These will be critical
to fully determine the translational potential before any clinical
application can be considered. On the other hand, advances in
the precise tuning of nanostructures—from core-shell to cloud-
type architectures—can further enhance their functional per-
formance, as highlighted in the study.*®
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