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ABSTRACT: A primary role of melanin in skin is the prevention of UV-induced ~ MeiNPs
nuclear DNA damage to human skin cells, where it serves to screen out harmful .
UV radiation. Melanin is delivered to keratinocytes in the skin after being excreted
as melanosomes from melanocytes. Defects in melanin production in humans can
cause diseases, many of which currently lack effective treatments due to their
genetic origins (e.g, skin cancer, vitiligo, and albinism). The widespread
prevalence of melanin-related diseases and an increasing interest in the
performance of various polymeric materials related to melanin necessitates
novel synthetic routes for preparing melanin-like materials. In this work, we prepared melanin-like nanoparticles (MeINPs) via
spontaneous oxidation of dopamine, as biocompatible, synthetic analogues of naturally occurring melanosomes, and investigated
their uptake, transport, distribution, and UV-protective capabilities in human keratinocytes. Critically, we demonstrate that
MeINPs are endocytosed, undergo perinuclear aggregation, and form a supranuclear cap, or so-called microparasol in human
epidermal keratinocytes (HEKa), mimicking the behavior of natural melananosomes in terms of cellular distribution and the fact
that they serve to protect the cells from UV damage.

atural melanins are found across animal and plant keratinocytes to form perinuclear melanin caps.'”'* The

kingdoms, where they perform various biological melanosomes accumulate around the nuclei in the form of
functions, including photoprotection, photosensitization, free melanin caps for the mitigation of UV damage to DNA. Indeed,
radical quenching, metal ion chelation," and neuroprotection in people are generally familiar with the process by which
the central nervous system of humans.”” Several types of exposure to UV-radiation causes melanogenesis, observed as a
melanins exist in the human body, including eumelanin,” change in skin color commonly referred to as tanning."’ The
pheomelanin,” and neuromelanin.® Eumelanin is the most integrated biological system for the induction, production,
common, primarily determining the color of human skin. More transfer, and degradation of melanosomes is significant for the
importantly, it prevents UV-induced nuclear DNA damage of health of human skin, with melanin-defective diseases, such as
human skin cells by screening out harmful UV radiation.” Solar vitiligo and albinism, highlighting the importance of these
UV radiation is absorbed by DNA and damages nuclei in processes. For example, vitiligo develops when the immune
epidermal cells, which can lead to the formation of mutations system wrongly attempts to clear normal melanocytes from the
and subsequent, irrecoverable damage. Notably, most natural skin, effectively stopping the production of melanosomes.' "
melanins are mixtures of eumelanins and pheomelanin with Albinism is caused by genetic defects causing the failure of a
various ratios. Pheomelanin shows phototoxicity when coppe.r—c?énlt?ining t).rrosinase involvec'l in the production of
complexed with Fe** by stimulating UV-induced lipid melanin.”™"" Both diseases lack effective treatments, and they
peroxidation.g’9 Therefore, pure, synthetic alternatives may both promote significant risk of skin cancer in patients.
provide a desirable route to repigmentation. Water-dispersible, melanin-like polydopamine nanoparticles

In the basal layer of the epidermis, specialized melanocytes (MeINPs) with high biocompatibility have been investigated
produce melanin-containing organelles, termed melanosomes,
in which melanin is synthesized and deposited.'” In skin, Received: August 16, 2016
melanosomes are transferred from melanocytes to neighboring Published: May 18, 2017
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for various biomedical applications, including as iron-chelated
T;-weighted MRI contrast agents,'® and in targeted therapeutic
and bioresponsive applications."” MeINPs are prepared
synthetically via the spontaneous oxidative polymerization of
dopamine under alkaline conditions in aqueous solution.”” By
contrast, biosynthetic melanins are formed in epidermal
melanocytes involving tyrosinase-catalyzed oxidative polymer-
ization of 'cyrosine,21 giving rise to black, insoluble eumela-
nins.”” Both synthetic and biosynthetic melanins appear to
consist of largely planar oligomeric scaffolds.”> MeINPs can be
prepared in a variety of sizes and shapes, including spheres,'®
nanorods,”* and hollow spheres.”>*® These various morphol-
ogies are prevalent in nature, such as in bird feathers, where
they play a shape- and packing-dependent role as iridescent
structural color elements.”” However, extraction of melanins
from natural sources can be problematic and potentially more
complex than direct synthetic routes. Therefore, synthetic
MeINPs have been used as models for exploring the function
and mechanism of natural eumelanins. For example, our own
work on MelNPs has shown that synthetic forms can be used to
mimic the performance of bird feathers in terms of structural
coloration, and the materials themselves can be prepared in a
facile and precisely controllable manner.*®

We hypothesized that synthetic MelNPs would mimic
naturally occurring melanosomes and be taken up by
keratinocytes and transported intracellularly, providing photo-
protection by adopting the same kind of perinulcear melanin
cap in human epidermal keratinocytes as is observed for natural
melanin. This hypothesis was predicated on two known facts.
First, the process of transfer of melanosomes from melanocytes
to keratinocytes can occur when these two cell types are
cocultured in vitro.'”* Second, synthetic fluorescent micro-
spheres had been used to establish the role of the dynactin
p150Glued subunit as a required part of the cellular machinery
for keratinocytes in which the knockout showed a lack of
microparasol formation.”® To test our hypothesis, we first
synthesized spherical MeINPs by spontaneous oxidization of
dopamine under alkaline conditions, introducing aqueous
ammonium hydroxide to an aqueous solution of monomers
(Figure 1).*! The resulting spherical MeINPs showed a narrow
size distribution around 200 nm, observed by transmission
electron microscopy (TEM) (Figure la), scanning electron
microscopy (SEM) (Figure 1b) and dynamic light scattering
(DLS) (Figure S1). Energy dispersive X-ray (EDX) measure-
ments demonstrated that the elemental composition (C, N, O)
of MeINPs is consistent with natural eumelanin (Figure
$2).>** Additionally, Fourier transform infrared spectroscopy
(FTIR) of MeINPs showed signals consistent with natural
eumelanin including carboxylic acids (1038 cm™), hydroxyls
(3225 em™'), —C=0 (1617 cm™'), —C=C— bond (2156
ecm™), and —C—N= bond (1402 cm™') (Figure $3).**
Eumelanin in the condensed phase and in solution has a
well-known, broad-band monotonic absorbance, including in
the ultraviolet and the visible range.”> Aqueous solutions of
MelNPs appeared black in color (Figure lc, inserted photo-
graph) with a broad absorption in the UV—vis spectrum from
250 to 850 nm, consistent with eumelanin extracted from
natural organelles.”® To gain insight into the chemical structure
of the particles, the MeINPs were analyzed using MALDI-TOF
mass spectrometry. The signals with high intensities revealed
oligomeric structures consistent with $,6-dihydroxyindole
(DHI) and $,6-dihydroxyindole-2-carboxylic acid (DHICA)
(Figure S4). Similar monomeric units have been observed
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Figure 1. Synthesis and characterization of synthetic polydopamine
nanoparticles (MeINPs). (a) Unstained TEM image and (b) SEM

image of MelNPs. (c) UV—vis spectrum for an aqueous solution of
MelINPs and photograph of a vial containing a sample.

prev}ié)%sly by MALDI-MS analyses of natural sepia eumela-
nin.”

Uptake of synthetic MeINPs into human epidermal
keratinocytes (HEKa) was first examined with respect to the
concentration dependence (Figure S5) and time dependence of
the process (Figure S6). Initially, MeINPs at concentrations of
0.4, 0.1, and 0.02 mg/mL were incubated with HEKa cells for 4
h. TEM images of the cells indicated that MeINPs were taken
up. However, some MeINPs tended to adhere to the cell
membrane at high concentrations (0.4 and 0.1 mg/mL).
Therefore, a concentration of 0.02 mg/mL was chosen for
subsequent experiments. In a prior study, Ichihashi et al.
extracted natural melanosomes from melanocytes and studied
their interactions with keratinocytes. It has been shown that the
melanosomes are gradually degraded, leading to the melanin
being dispersed around the nucleus of the keratinocytes
asymmetrically in a process occurring over the time course of
24 h.'” Therefore, to test whether MeINPs showed similar
behavior, they were incubated at 0.02 mg/mL with HEKa cells
and observed at 4 h, 1 day, 2 days, and 3 days (Figure 2).
MeINPs were observed as black regions under bright-field
confocal microscopy. At 4 h, the confocal images revealed
MeINPs (black) surrounding the nuclei (blue), with others
distributed in the cytoplasm, which was consistent with TEM
data (Figure 2, Figure S6, and Figure S7). However, after 1 day
of incubation, melanin accumulated unevenly in the perinuclear
area in a manner that appears consistent with observations of
natural melanosomes. After 3 days incubation, the MelNPs
showed clear signs of morphological transformation (Figure 2,
Figure S7 for 2 day data). Further, we observed that
transformed MeINPs and spherical MelNPs exist in some
HEKa cells simultaneously, which may be caused by sequential
order of uptake into cells, or the time course of processing
(Figure 2c). To examine whether these processes were inherent
to the MeINPs within keratinocytes, we incubated the particles
with mesothelial cells (MeT-SA), chosen as a control epithelial
cell type distributed within tissues that do not normally take up
and process melanosomes.”” At the same time points, MeINPs
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Figure 2. Uptake analysis by TEM and confocal light microscopy. (a) TEM images for HEKa cells incubated with 0.02 mg/mL MelINPs for 4 h, 1
day, and 3 days. MeINPs were taken up by HEKa cells and transported to the perinucleous area to form supranuclear caps. For TEM shown here,
samples were prepared by flat embedding cells in monolayer cell culture. That is, images are of slices through cells captured as oriented in cell
culture, not from pelleted cells. (b) Confocal laser scanning microscopy images for colocalization of MelNPs and lysosomes in HEKa cells. Nuclei of
HEKa cells were stained by Hoechst 33342 (blue); lysosomes were stained by LysoTracker Red DND-99 (red, indicated with green arrows);
MeINPs were black in HEKa cells under bright field microscopy (indicated with red arrows); the colocalization of bright-field, black MeINPs and red
fluorescence for labeled lysosomes are indicated with yellow arrows. Scale bars are 10 ym. (c) Magnification of TEM image for HEKa cells incubated
with 0.02 mg/mL MelNPs for 3 days. Melanosomes are indicated with black arrows, and keratin fibers are indicated with black arrowheads. (d)
Scheme for the uptake, transportation, and accumulation of MeINPs in HEKa cells and depicted as imaged by the two methods shown here.

lacked any specific trafficking or localization, indicating a
random distribution in the cytoplasm (Figure S8). In addition,
gold nanoparticles (AuNPs) with a similar size and surface
charge to the MelNPs (Figure S9) were incubated with HEKa
cells, again showing random dispersion, rather than specific
localization (Figure S10). To test for the role of polydopamine
surface chemistry on cellular trafficking and distribution in
HEKa cells, we prepared two types of core—shell nanoparticles:
(1) PDA@SIO, nanoparticles consisting of polydopamine cores
and SiO, shells and (2) SiO,@PDA nanoparticles with SiO,
cores and polydopamine shells. Both core—shell nanoparticles
are similar in size and surface charge to MeINPs (Figure S11).
Treatment of HEKa cells with SiO,@PDA at 0.02 mg/mL
resulted in similar accumulation patterns to MelNPs, with
particles appearing around the nucleus. By contrast, random
accumulation was observed in the case of PDA@SiO,
nanoparticles (Figure S12 and Figure S13). This suggests that
the transport process may be dependent on particle type, and
that polydopamine nanoparticle surface chemistry plays a role
in governing cellular distribution patterns.*’

As described in the introduction, melanosomes are tissue-
specific, lysosome-related organelles of pigment cells in which
melanins are synthesized and stored.””*’ In epidermal
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melanocytes, melanosomes are ultimately transported to
neighboring keratinocytes, which retain the melanin while in
the basal layer and degrade as they move to the skin surface and
differentiate.*" The melanosome is characterized as a lysosome-
related organelle because melanin must be synthesized and
polymerized with the help of enzymes and structural proteins
within the organelle, where acidic pH seems to be required."”*’
We hypothesized that the transportation and degradation of
MelNPs were similarly driven by a lysosomal process in HEKa
cells. To test this hypothesis, we investigated the possible
colocalization of lysosomes and MelNPs. We incubated
MeINPs with HEKa cells for 4 h, 1 day, and 3 days and
stained for lysosomes (LysoTracker, Red DND-99, red, Figure
2). Confocal fluorescence microscopy images show the
colocalization of lysosome and melanin (Figure 2b). Therefore,
MeINPs might utilize a similar pathway to natural melano-
somes, undergoing lysosome-induced degradation and sub-
sequent accumulation to form an artificial perinuclear cap
(evident in Figure 2d). After 4 h of incubation, MelNPs appear
as clusters in the cytosol surrounded by a membrane (Figure
2a). After 3 days, MeINPs in cells were observed by TEM,
without a surrounding membrane in the cytosol and dispersed
among keratin fibers (Figure 2c). Similar phenomena were
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observed when treating keratinocytes with extracted natural
melanosomes,'* supporting our conclusion that the MeINPs
perform as artificial melanosomes utilizing the same trans-
portation and degradation pathway as natural melano-
somes.* "

To investigate the photoprotection capability of MelNP
perinulear caps, HEKa cells, after 3 days of incubation with the
particles, were treated for 5 min with UV light and
subsequently cultured under normal conditions for 1 day.
Plain HEKa cells and those incubated with SiO,@PDA core—
shell nanoparticles, PDA@SiO, core—shell nanoparticles, and
AuNPs showed dramatically decreased viabilities after UV
irradiation. However, HEKa cells incubated with MelNPs
displayed significantly higher viability than other groups, at
50%. That is, UV is still detrimental to the cells, but to a
decreased level in the presence of MelNPs (Figure 3).
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Figure 3. HEKa cell viability with and without UV following a 3 day
incubation with MelNPs, SiO,@PDA core—shell nanoparticles,
PDA@SIO, core—shell nanoparticles, and AuNPs. *p < 0.05.

Furthermore, considering the fact that UV exposure leads to
the generation of reactive oxygen species (ROS), resulting in
cell death,™*” we next assayed for ROS occurring in response
to UV irradiation, in the presence of the various nanoparticles
described above. Here, we used 2',7'-dichlorofluorescin
diacetate (DCFH-DA) as a marker, which exhibits green
fluorescence under ROS activation.*® Following UV irradiation,

the level of green fluoresence in untreated HEKa cells is clearly
higher than with MeINP treatment, confirming the protective
qualities provided by artificial perinuclear cap formation.
Moreover, HEKa cells incubated with PDA@SiO, core—shell
nanoparticles and AuNPs respectively displayed significant
increases in ROS-related green fluorescence. In turn, cells
incubated with SiO,@PDA core—shell nanoparticles showed
low levels of green fluorescence similar to MelNPs, an effect
potentially due to their surface exposed polydopamine.
Controls without UV irradiation, with all types of nanoparticles,
showed low to undetectable levels of green fluorescence
(Figure 4, Figure S14). These data imply that ROS can be
decreased utilizing particles that deposit polydopamine intra-
cellularly. However, viability assays indicate that only MeINPs
provide actual protection. Therefore, we endeavored to
examine DNA damage directly.

DNA damage is the predominant deleterious effect of UV
radiation on cells. UV radiation induces two of the most
abundant mutagenic and cytotoxic DNA lesions known:
cyclobutane-pyrimidine dimers (CPDs) and 6-4 photoproducts
(6-4PPs) and their Dewar valence isomers.”*”*" Therefore, we
tested for protective qualities of MelNPs by analyzing DNA
damage in HEKa cells after treatment with MelNPs followed by
UV irradiation (Figure S). In mammalian cells, damage to
genomic DNA can be lethal, inducing the formation of
phosphorylated H2AX.”' In our study, DNA damage was
detected using a red fluorescent antibody (Alexa Fluor 55S)
against phosphorylated H2AX. At the same time, cell viability
was investigated by Image-iT DEAD Green, which permeates
when the plasma membrane is compromised. The results show
that HEKa cells suffering this treatment had dramatically
increased DNA damage (red) and cell death (green), seen
simultaneously (see magnified images in Figure S15). By
contrast, after incubating with MeINPs for 3 days, HEKa cells
with 5 min UV irradiation and subsequent 24 h incubation
displayed less DNA damage (Figure 5). In addition, we
confirmed that there was no heat generation in MeINPs
solutions after UV irradiation (Figure S16). Therefore, the
supranuclear artificial melanin caps reduce damage from
ultraviolet light in HEKa cells, similar to the performance of
natural supranuclear melanin caps.”

In conclusion, we prepared melanin-like nanoparticles
(MelINPs) by spontaneous oxidation of dopamine in alkaline
solution to investigate their potential as mimics of melano-
somes. MeINPs were taken up by HEKa cells, followed by
accumulation in patterns typical of so-called microparasols or
perinuclear caps. This cellular distribution pattern is similar to

HEKa PDA@SIO,

Before
UV Irradiation

After
UV Irradiation

SiO,@PDA MeINPs AuNPs

Figure 4. Confocal imaging of ROS detection in HEKa cells with MeINPs, SiO,@PDA core—shell nanoparticles, PDA@SiO, core—shell
nanoparticles, and AuNPs after incubation for 3 days. Data is shown before and after S min UV irradiation of these cells. The nuclei were stained
with NucBlue (blue); ROS generated in HEKa cells were detected with DCFH-DA (green). Scale bars are SO ym.
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Figure 5. Evaluation of MelNPs as protective materials against UV damage to keratinocytes. DNA damage evaluated by light microscopy for HEKa
cells with/without incubation with MeINPs. Nuclei were stained by Hoechst 33342 and indicated as blue; cell membranes were stained by Image-iT

DEAD Green and shown as green. Scale bars are 80 ym.

that observed for natural melanosomes occurring in human skin
in vivo'” observed in tissue culture of keratinocytes treated with
extracted melanosomes,” and in cocultures of melanocytes
with keratinocytes.”” We demonstrated the UV photoprotective
qualities of synthetic MeINPs, as predominantly arising from
the prevention of DNA damage. Considering limitations in the
treatment of melanin-defective related diseases and the
biocompatibility of these synthetic MeINPs in terms of uptake
and degradation, these systems have potential as artificial
melanosomes for the development of novel therapies, possibly
supplementing the biological functions of natural melanins.
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