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ABSTRACT: Squid ink melanin nanoparticles (NPs) have I vitro S— T —
recently been demonstrated to have a number of bioactivities; ’ ‘ ‘ E *;rj’

however, their biocompatibility has been poorly investigated. In

in vitro

this study, we aimed to evaluate the effects of this NP on stromal - e st | [iE apanion
cells, including human fibroblasts (hFBs), human umbilical vein i— - “~ lovox
endothelial cells (hUVECs), and human umbilical cord-derived o (o

mesenchymal stem cells (UCMSCs), and on the development of é ’ &

zebrafish embryos under normal X-ray irradiation conditions. The [Saudmaannnanparicie )
NPs showed high biocompatibility with low cytotoxicity, no cell

senescence induction, and no effect on cell migration in hFBs or \ _

cell differentiation in UCMSCs. Nonetheless, this compound : ce:%%

prevented cell movement in UCMSCs and significantly suppressed foprotect

tube formation in hUVECs at a dose of 25 ug/mL. The NPs

successfully penetrated the hUVECs but not the other two stromal cell types. The expression levels of functional genes involved in
angiogenesis, apoptosis, antioxidant activity, and radiation sensitivity were altered in NPs subjected to hUVECs but were not affected
in hFBs and UCMSCs. Melanin NPs significantly rescued cell viability and gene expression in irradiated hFBs and UCMSCs but not
in hUVECs. In vivo treatments of zebrafish embryos showed that melanin NPs were nontoxic whether alone or under X-ray
irradiation. These findings suggested that nanosized squid ink melanin had biocompatibility with selective stromal cells and was safe
for early development.

in vivo

= Gene expression

{ooox

1. INTRODUCTION radiation therapy in Swiss mice bearing 3LL tumors,
consequently promoting antitumor immunity.8

Melanin, including pheomelanin and eumelanin, is a group of ; : : )
While being an effective cancer treatment, radiotherapy may

color-producing substances that operate as a protective shield

by absorbing harmful ultraviolet (UV) rays from solar radiation also damage healthy tissues and exert long-term effects on
and collecting reactive oxygen species (ROS) to prevent DNA tissue regeneration, which in turn mainly involves several
damage from reaching neighboring cells."”” Melanin also plays leading cell types, including mesenchymal stem cells
a vital role in the innate immune system against bacterial and (MSCs)'>"? fibroblasts, and endothelial cells. MSCs maintain
fungal pathogens.” Although melanin exhibits multifunction- cellular homeostasis in the organism.'”'> They are activated,
ality and intrinsic biocompatibility, it has poor water solubility, divided, and differentiated following tissue damage into tissue-
which can limit the potential application of this compound.” corresponding cells to alleviate injury.'”'> Fibroblasts make up

This has motivated scientists to develop a nanosized version of
this compound called melanin nanoparticles (NPs).*”°
Remarkably, a study in 2020 showed another capacity of
using cuttlefish melanin nanoprobes for preoperative and
intraoperative mapping of lymph nodes for cancer metastasis
assessment.’ Recently, melanin and melanin in the form of
NPs have been reported to have the ability to protect against
radiation.””*~"" In addition, Nguyen et al. demonstrated that
squid melanin NPs induce the SKOV3 tumor-killing ability of
X-rays.” Moreover, these NPs could protect the spleen from

most of the stromal cells in all tissues. They play an essential

L L . 16
role in tissue regeneration in response to tissue injury.
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Another crucial step in the regeneration process is angio-
genesis, which is primarily driven by endothelial cells. These
cells were reported to be able to secrete angiocrine molecules
and generate tissue-specific vascular subpopulations.'”

Notably, all of these cell types could be sensitive to
radiotherapy. Endothelial cells have been reported to be one of
the most radiosensitive among the fixed elements of
mesenchyme.'® In addition, applying radiotherapy to cancer
patients could induce cellular senescence or cell death of the
fibroblast population in normal tissues.'” Furthermore, it was
demonstrated that in radiotherapy patients, skin fibroblasts in
noncancerous tissue have higher radiosensitivity and DNA
damage than healthy ones.”” Interestingly, MSCs have been
proven to be comparatively radioresistant.”"”>> They are
recruited to the injury sites, induce regional cell regrowth,
and repair radiodermatitis.”> Moreover, MSCs have been used
in clinical trials for mitigating essential radiation injury in
cancer patients.”*”

The radiation-induced bystander effect indicated changes in
gene expression as one of the cells’ significant responses. The
genes responsible for apoptosis, angiogenesis, antioxidant
activity, and irradiation sensitivity are the most susceptible
during irradiation.”” However, the alteration of the expression
of these genes has not been widely elucidated in stromal cells.

Another concern is the limitation in the biocompatibility
study of melanin NPs. There has been little evidence of its
safety and bioactivity in normal cells. Most cytotoxicity
evaluations of melanin NPs have been performed on
commercial cancerous cell lines,”® and the results are
controversial. Some papers have shown that melanin supports
the proliferation of murine embryonic stem cells”” and PC12
cells.’® Another study reported that melanin at high
concentrations reduced the viability of NTH3T3 fibroblasts.’
Remarkably, a recent study in 2021 indicated that non-
cancerous cells did not digest melanin NPs, while metastatic
cells were massively absorbed.” In addition, metastatic cancer
cells that highly take up melanin NPs are more cytotoxic and
sensitive to radiation than nonmetastatic cells that do not take
up melanin NPs.*> These results led to a question as to
whether the uptake of melanin NPs correlated with the
biocompatibility and radioprotective activity of this compound
in healthy cells as they did in cancer cells.

In this study, we aimed to evaluate the effects of squid ink
melanin NPs on cell viability, cellular function, and expression
of irradiation-susceptible genes in primary human fibroblasts
(hFBs), human umbilical vein endothelial cells (hUVECs), and
umbilical cord-derived mesenchymal stem cells (UCMSCs).
More importantly, the protective ability of this NP against X-
ray irradiation on these cells was also revealed in the cellular
and molecular ranges. The safety of this compound was also
demonstrated in a zebrafish embryo in an in vivo model.

2. METHODS

2.1. Production and Characterization of Melanin NPs.
Followin% a previous study, melanin was produced from squid
ink sacs.”” Melanin NPs were prepared by using sodium
hydroxide (0.5 M/L). After that, hydrochloric acid solution
was utilized to modify the pH of the melanin NP solution to
7.2. Melanin NPs were created at room temperature and
atmospheric pressure. A Nanosem 450 scanning electron
microscope was used to characterize the surface structure of
melanin and melanin NPs. Fourier transform infrared (FTIR)

spectroscopy was applied to identify the chemical groups of
melanin NPs (IRAffinity-1S, Shimadzu, Kyoto, Japan).

2.2. Cell Culture. hFBs were cultured in DMEM/F12
medium (Gibco, USA) supplemented with 10% fetal bovine
serum (FBS, Gibco, USA), 100 units/mL penicillin, and 100
pug/mL streptomycin (Gibco, USA). hUVECs were cultured in
an EBM-2 medium kit (Lonza, Swiss). UCMSCs were grown
on the culture flask surface coated with CELLstart CTS
(CELLstart) in StemMACSTM MSC Expansion Media
(StemMACS, Miltenyi Biotec). All hUVECs, hFBs, and
UCMSCs were cultured at 37 °C with 5% CO,.

2.3. Cell Viability Assay. Cells were plated on 96-well
plates at 2500 cells per well and incubated at 37 °C for 24 h in
a humidified atmosphere with 5% CO,. Then, the wells were
treated with melanin NPs at concentrations of 3.9, 7.8, 15.6,
31.3, 62.5, and 125 pg/mL and continuously incubated for 24,
48, and 72 h. After that, 15 uL of a dye solution of the MTT
labeling reagent (final concentration 0.5 mg/mL) was added to
each well. After incubation and solubilization, the absorbance
of the cells was measured at 570 nm using an ELISA plate
reader (BioTech Power Wave XS, Winooski, VT, USA). The
experiments were performed in triplicate.

2.4. X-ray Exposure. Cells were cultured in six-well plates
and either received melanin NP treatment at 25 ug/mL
(treated group) or not (control group) for 24 h. Cells were
then exposed to X-ray radiation at 3, 5, 7, and 10 Gy doses
with a single dose rate of 0.6 Gy/min using a Precise Digital
Accelerator 152377 (ELEKTA, Stockholm, Sweden). Cells
were continuously cultured for 48 h before being collected for
downstream experiments.

2.5. Quantitative RT-PCR. Cells were seeded in six-well
plates at 8000 cells/cm?® per well. Cells were incubated with
melanin NPs at 25 pg/mL overnight before exposure to an X-
ray irradiation dose from 0 to 5 Gy. Two days post radiation,
the cells were harvested and subjected to RNA isolation using
an RNA extraction kit (Thermo Scientific, Waltham, MA,
USA). Then, the Revert Aid First Strand cDNA Synthesis Kit
(Thermo Scientific, Singapore) was used to synthesize cDNA
from total RNA. The transcript levels of genes encoding
vascular endothelial growth factor A (VEGF-A), caspase-3,
superoxide dismutase 1 (SOD1), and interleukin (IL)-1ar were
determined by quantitative real-time polymerase chain reaction
(RT-PCR) using a 7500 real-time PCR instrument (Applied
Biosystems, CA). f-actin and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) genes were used as housekeeping
genes for the control. Primer sequences were either designed
or referred from the literature®*° and are presented in Table
1.

2.6. Wound Healing Assay. Cells were cultured in
suitable 24-well plates at 8000 cells/cm” density. When cells
reached a density >95% of the culture plate, they were
supplemented with mitomycin (10 ug/mL) for 2 h to inhibit
cell proliferation before wound creation using a scratcher (SLP,
Korea). Afterward, the cells were supplemented with melanin
NPs at 25, 50, and 75 pug/mL. The process of wound healing
was observed and captured by optical microscopy. Image
results were analyzed by Image] software (version 1.46r).

2.7. Senescence Cell Analysis. The percentages of
senescent cells in the hUVECs, hFBs, and UCMSCs were
evaluated using the Senescence Cells Histochemical Staining
Kit (Sigma—Aldrich, Missouri, USA).

Cells were seeded on six-well plates at 20,000 cells/cm”
density and incubated with melanin NPs at concentrations of
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Table 1. Primers

primer sequences (5'-3")

GAG TAC AGA GCC TCG CCT AT
TTA AGC CGG CCT TGC ACA TG
AGG CCG ACT TCT TGT ATG CA
TTC TGT TGC CAC CTT TCG GT

human-f-actin-F
human-f-actin-R
human-caspase 3-F

human-caspage 3-R

human-SOD-F ACA AAG ATG GTG TGG CCG AT
human-SOD-R AAC GAC TTC CAG CGT TTC CT
human-VEGFA-R AGGAGGAGGGCAGAATCATCAC

human- VEGFA-R
human-IL1a-F
human-IL1a-R
human-GAPDH-F

ATGTCCACCAGGGTCTCGATTG
AAG ATG GCC AAA GTT CCA GAC A
TCC TTG AAG GTA AGC TTG GAT G
GGTGTGAACCATGAGAAGTATGA

50 or 25 pg/mL at 37 °C and 5% CO, for 48 h. Then, the
culture medium was removed, and the cells were washed with
phosphate-buffered saline (PBS) before being fixed with 1X
fixation buffer for 7 min. Cells were washed twice with 1X PBS
and incubated with a staining mixture overnight at 37 °C and
5% CO,. Cells were stained with DAPI staining solution
(Abcam, Cambridge, UK) for 15 min after removal of the
staining mix and washed once with PBS. Cells were washed
once with PBS and observed and captured under optical and
fluorescence microscopes (Olympus, Tokyo, Japan). Images
were analyzed with Image] software (version 1.46r).

2.8. Angiogenesis Assay. Cells were cultured in EBM-2
medium until reaching 80% confluency and then collected for
the angiogenesis experiment using an angiogenesis assay kit
(Abcam, UK) following the manufacturer’s protocol. Cells
were seeded into six-well plates at a density of 20 X 10* cells/
well, and all wells were coated with an extracellular matrix
solution. Experimental cell wells were treated with melanin
NPs at 50 and 25 pg/mL in hUVECs and 25 ug/mL in hFBs
and UCMSCs. Suramin (50 pg/mL) was added to the negative
control wells.

Irradiation was performed after cells were seeded on a six-
well plate, and melanin NPs were added at 25 pg/mL. Cells
were then exposed to X-rays at different dosages (0 Gy, 3 Gy, 7
Gy) and grown for 10 h at 37 °C and 5% CO,. Angiogenesis
processes in the wells were observed and captured by
fluorescence microscopy at 490/540 nm. Images were analyzed
using Image]J software (version 1.46r).

2.9. Multilineage Differentiation. The trilineage differ-
entiation capacity of UCMSCs for osteogenesis, adipogenesis,
and chondrogenesis was tested with the StemPro Osteogenesis
Differentiation Kit, StemPro Adipogenesis Differentiation Kit,
and StemPro Chondrogenesis Differentiation Kit (Gibco,
USA), respectively. To test the protection ability of melanin
NPs, irradiation was performed after the cells were seeded on a
culture plate and melanin NPs were added at a concentration
of 25 pg/mL. Cells were then exposed to X-rays at a dose of 3
Gy. Differentiated cells were confirmed by Alizarin Red
staining (osteogenesis), Oil Red O staining (adipogenesis),
and Alcian Blue staining (chondrogenesis). All staining
solutions were supplied with the kits. StemMACS MSC
Expansion Media was used as an undifferentiated control. Cells
were cultured in differentiation media for 14 days before being
fixed with 4% paraformaldehyde (Sigma-Aldrich) and stained
as described above.

2.10. In Vivo Zebrafish Embryonic Toxicity Assays. A
zebrafish embryotoxicity assay was performed as per the
OECD Test 236.”7 Briefly, healthy 2-hpf (hours post

fertilization) embryos were individually placed into 24-well
microplates containing melanin NPs diluted in E3 medium (5
mM NaCl, 0.17 mM KCl, 0.4 mM CaCl2, and 0.16 mM
MgSO4) and incubated at 26 °C. After the range-finding test,
the following concentrations were selected: 0 (control), 10, 50,
100, 200, 300, and 500 mg/L. The embryonic mortality and
morphology were monitored daily to calculate the LCS50
(lethal concentration 50), ECS50 (half maximal effective
concentration 50), and TI (teratogenic indices) values. The
dead embryos were removed, and the solutions were refreshed
to 96 hpf. To investigate the interaction between melanin NPs
and X-rays on living organisms, a concentration of 25 mg/L
was selected for the study. Zebrafish embryos were exposed to
25 mg/L melanin NPs starting at 2 hpf, with daily renewal
until 96 hpf, and X-ray irradiation was performed at 24 hpf. All
four groups’ lethal and morphological data (with/without
melanin NPs and with/without X-rays) were recorded.

2.10.1. ROS Assay. The cells were seeded on the 96-well
plate at 5000 cells/cm” density in DMEM/F12 plus 5% FBS at
37 °C and 5% CO, for 8 h to let the cells attach on the culture
surface. The medium was removed, and then fresh medium
was added with or without nanomelanin at 50 pg/mL. After 24
h of incubation, the cells were washed with PBS. ROS inducer
was added into the corresponding wells. Then, 25 uM
H2DCFA was added and incubated for 30 min at 37 °C.
Cells were washed with PBS, and the optical density was
measured using SpectraMax M3 (Molecular Devices, USA) at
529 nm.

2.11. Statistical Analysis. In this study, all experiments
were repeated three times, and the data collected were
statistically analyzed using the required techniques. Student’s ¢
test and ANOVA were used for comparisons between groups.
A p value <0.05 was used to determine a significant difference.

3. RESULTS

3.1. Production and Characterization of Melanin NPs.
Melanin is a natural pigment with a polymer structure found in
a greater number of living organisms. Scanning electron
microscopy (SEM) was used to capture the structures of
melanin and melanin NPs at 30,000X and 50,000X
magnifications, respectively (Figure 1A,B). The SEM image
at 30,000 magnifications showed the surface structure of both
melanin and melanin NPs. In Figure 1A, the subnanostructures
with oval shapes were interlaced to create the rough surface of
the material. Furthermore, the structure of the melanin NPs
after breaking the polymer at the nanoscale was revealed by
SEM images (Figure 1B). In addition, the functional groups of
melanin NPs, such as the hydroxyl (—OH) and carbonyl
(—CO-) groups, were detected in the FTIR spectra (Figure
1C). The spectrum peaks were scanned from 399 to 4000
cm™! at a resolution of 4 cm™. The zeta potential is one of the
easily measurable properties of the stability of colloidal
dispersions of NPs. The zeta potential value reflects the
degree of electrostatic attraction between neighboring NPs.
The smaller the zeta potential value, the better the dispersion
of the particles in solution and the less tendency they have to
coagulate. These melanin NPs had a zeta value of —9.3 + 2.6
(Figure 1D).

3.2. Melanin Was Insoluble and Had Low Cytotox-
icity. After being added to the cell culture, melanin stayed in
large clumps in the cell culture medium, as shown in Figure
2A. The higher the doses, the bigger the aggregations were
observed. These aggregations were easy to be washed away. At

https://doi.org/10.1021/acsomega.3c09351
ACS Omega 2024, 9, 36926—36938


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09351?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

OH Stretching

Zeta Potential (mV)
Figure 1. Synthesis of melanin NPs from the extracted melanin of a
squid ink. (A) Extracted melanin under SEM at a magnification of
30,000x. (B) Melanin NPs under SEM at a magnification of 50,000X.
(C) FTIR spectra of melanin NPs. (D) Zeta potential of melanin
NPs.

concentrations ranging from 7.8 to 125 ug/mL, melanin was
less cytotoxic to the tested cells (Figure 2B). The ICS0 values
were not determined in either hFBs or UCMSCs as cell
viability was maintained higher than 70% at all tested
concentrations (Figure 2B). These data indicated the low
cytotoxicity of melanin but confirmed the insolubility of this
compound.

3.3. Melanin NPs Had Low Cytotoxicity and No Effect
on Cell Senescence. At concentrations ranging from 3.9 to
125 pg/mL, melanin NPs were less cytotoxic to all three tested
cell types (Figure 3A). The ICS0 values were not determined
in hUVECs as cell viability could not reach below 50% at all
test concentrations. In hFBs, the IC5072h value was 119.7 +
3.2 pg/mL. In addition, these NPs had the most cytotoxic

effect on UCMSCs, with an IC5072h value of 74.1 + 2.4 ug/
mL (Table 2).

The morphology of cell nuclei was also checked in the
presence of melanin NPs at 50 pg/mL after 72h of incubation,
showing the similarity in their size and shape between the
treated and control cell nuclei (Figure 3B). For cellular
senescence induction, in the presence of melanin NPs (25 and
50 ug/mL), few f-galactosidase+ cells were observed in hFB
and UCMSC populations. Among the three cell types,
hUVECs had the highest percentage of senescent cells (6.2
+ 0.20%) compared to hFBs (0.3 + 0.09%) and UCMSCs (0.5
+ 0.05%) (p < 0.001) (Figure 3C). Quantitative analysis
showed that the rates of cellular senescence were not
significantly different between the control and treated groups
(all p values >0.05) in all three cell lines (Figure 3D). These
data demonstrated that melanin NPs did not affect the cellular
senescence in hFBs, hUVECs, or UCMSCs.

3.4. Melanin NPs Maintained the Multilineage Differ-
entiation Capacity of Irradiated UCMSCs. Multilineage
differentiation is a major functional characteristic of UCMSCs.
Therefore, we first checked whether melanin NPs could affect
this function of stem cells. The results showed that in the
presence of melanin NPs (25 pg/mL), UCMSCs still
differentiated into osteoblasts, chondrocytes, and adipocytes
(Figure 3E). In the meantime, X-ray irradiation disturbed the
differentiations. It caused a reduction in the color of Alizarin
Blue and prevented cell aggregation into the cartilage-like
structure in the chondrogenesis assay. Irradiation also
decreased the number of lipid-rich vacuoles in adipogenic-
induced cells. However, osteogenesis was not affected by
irradiation at 3 Gy. In the presence of melanin NPs, irradiated
UCMSCs formed cartilage-like structures during chondrogenic
induction, forming more lipid-rich vacuoles during adipo-
genesis (Figure 3E). These results indicated that melanin NPs
expressed a protective ability by recovering chondrogenesis
and adipogenesis in irradiated stem cells.

A Control
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Figure 2. In vitro cytotoxicity of melanin on hFBs, and UCMSCs. (A) Images of cell culture in the presence of melanin powder at different
concentrations. (B) Percentage of viable cells in the presence of melanin at concentrations ranging from 0 to 125 ug/mL after 24, 48, and 72 h of

incubation.
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Figure 3. In vitro biocompatibility of melanin NPs on hUVECs, hFBs, and UCMSCs. (A) Percentage of viable cells in the presence of melanin NPs
at concentrations ranging from 0 to 125 yg/mL after 24, 48, and 72 h of incubation. (B) Morphology of cell nuclei in the presence of NPs at 50 pg/
mL after 72h of incubation. (C) Senescence rates (%) in three cell types. (D) Effect of melanin NPs on cell senescence in hFBs, hUVECs, and
UCMSCs. (E) Effect of melanin NPs on the cell differentiation of UCMSCs. Data are presented as the mean + SD, n = 3, ***p < 0.001.

Table 2. IC50 Values (¢g/mL) of Melanin NPs on hFBs, 3.5. Melanin NPs Prevented Cell Migration in hUVECs
hUVECs, and UCMSCs” and UCMSCs But Not in hFBs. We performed a wound-
24 h 48 h 72 h healing assay to determine whether melanin NPs affect cell

hFBs ND 1214 + 72 1197 + 32 migration (Figure 4A). After 72 h of treatment, the wound
hUVECs ND ND ND closure of the control group in hFBs, hUVECs, and UCMSCs
UCMSCs 114.8 £ 5.1 106.8 £ 0.5 741 £24 reached 97.5 + 2.9, 99.8 + 0.2, and 92 + 0.7%, respectively

“ND: not determined. (Figure 4B). In hFBs, none of the three doses of melanin NPs

inhibited cell migration after 72 h of incubation (p > 0.05). In
hUVECs, at all time points, the rate of cell migration after
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treatment with melanin NPs at 25 ug/mL was not significantly
different from that of the control (p > 0.05).

However, it markedly decreased at concentrations of 50 and
75 pg/mL after 72 h of incubation (p < 0.01) (Figure 4B). The
most potent inhibitory effect was observed in UCMSCs (p <
0.001), with the percentage of wound closure at 75 ug/mL
after 72 h being 39.2 + 3.6%, corresponding to 42.6% of the
control (Figure 4B). These results demonstrated that melanin
NPs could selectively prevent cell migration in hUVECs:,
especially in UCMSCs.

3.6. Melanin NPs Penetrated Efficiently hUVECs But
Less in hFBs or UCMSCs. During the wound-healing assay,
we observed different distributions of melanin NPs in different
cell types. Hence, we analyzed the penetration ability of this
substance at a dose of 75 pug/mL after 72 h of incubation. As
shown in Figure SA, the NPs were well localized inside the
hUVECs and concentrated in the cytoplasm surrounding the
cell nuclei (indicated as red arrows). Meanwhile, melanin NPs
tended to stay as clusters outside hFBs, especially of UCMSCs
(marked with red circles). It is worth noting that all three cell
types were treated with the same amount of melanin NPs, with
good dispersion at the beginning of the incubation (Figure
SA). After addition to the cell culture medium, the NPs quickly
aggregated in hFBs and UCMSCs, forming large clusters in the
culture wells; meanwhile, a small number of NP clusters was
present in the hUVEC culture. Next, we focused on analyzing
NP penetration in hUVECs at different doses and times. The
NPs concentrated in the cytoplasm in a dose-dependent
manner and over time (Figure SB). The more time and higher
doses there were, the more NPs were inside the cells. These
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data indicate that hUVECs more efficiently took up melanin
NPs than hFBs and UCMSCs.

3.7. Melanin NPs and Irradiation Synergistically
Inhibited Tube Formation in hUVECs. The results
obtained above expressed the different effects of the melanin
NPs in hUVECs. Therefore, we continued to check the impact
of this substance on the in vitro tube formation capacity of this
cell type. The results showed that melanin NPs suppressed the
angiogenesis process in a dose-dependent manner in hUVECs
(Figure 6A). At the S0 ug/mL concentration, the NPs
significantly reduced the total tube length, branching, and
segments by 2.1 times (p < 0.01), 2.8 times (p < 0.001), and
3.7 times (p < 0.001), respectively (Figure 6B). Meanwhile, at
the 25 pg/mL concentration, melanin NPs did not affect the
total tube length (p > 0.05). Still, they reduced the total tube
branching and a segment approximately 1.2 times (p < 0.05)
(Figure 6B). At 25 ug/mL. nanomelanin, we checked whether
melanin NPs could rescue the angiogenesis process in this cell
type under irradiation conditions. The data showed that X-rays
completely inhibited the tube formation of hUVECs at 3 and 7
Gy. In addition, in the presence of melanin NPs at a 25 pug/mL
concentration, the irradiated cells could not make the capillary-
like tubular structure as the control (Figure 6C). These results
demonstrated that melanin NPs did not show radioactive
protection ability toward angiogenesis in hUVECs.

3.8. Melanin NPs Recovered the Expression of
Functional Genes in hFBs But Not in hUVECs Under
Irradiation. The negative impact of melanin NPs on the
function of hUVECs prompted us to check the effect of this
substance on stromal cells at the molecular level. The
radioprotective role of this NP was also investigated. The
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effect of melanin NPs (25 pg/mL) and irradiation (at 3 Gy) on
the expression of functional genes was determined for the
angiogenesis gene VEGEF-A, apoptotic gene Caspase-3,
antioxidant gene SOD, and irradiation sensitivity gene IL-1a.
Regarding hFBs, melanin NPs showed no effect on the
expression of this gene (p > 0.05). Meanwhile, irradiation
significantly reduced the expression of VEGF-A by 1.9 times at
3 Gy (p < 0.0001). Interestingly, in melanin NP-subjected
cells, there was a significantly increased expression of VEGF-A
(p < 0.05) after irradiation, even though it was still not equal to
the control (p < 0.05). For apoptosis, irradiation and melanin
NPs did not affect the expression of Caspase 3 (p > 0.05). For
the antioxidant gene, irradiation reduced the expression of
SOD, but melanin NPs protected the expression of this gene,
although not significantly (p > 0.05). Similarly, X-ray radiation
induced the expression of IL-la (p < 0.0001). Still, in the
presence of melanin NPs, the expression of this gene
remarkably stabilized to the level of the control (p > 0.05)
(Figure 7A).

In hUVECs, radiation and melanin NPs strongly inhibited
the expression of VEGF-A (p < 0.01). Melanin NPs and
irradiation synergistically reduced the gene expression level by
4 times at 3 Gy compared to irradiation alone (p < 0.05). For
the other genes, irradiation significantly reduced their
expression (p < 0.0001); meanwhile, melanin NPs also
decreased their expression, but only significantly for the
SOD gene (p < 0.01). Remarkably, melanin NPs did not exert

protective activity for these genes under X-ray exposure
(Figure 7B).

Notably, in UCMSCs, the expression of the tested genes was
insignificantly altered under radiation conditions (p > 0.0S),
except for IL-la (p < 0.05). Similarly, melanin NPs did not
impact most tested genes but inhibited the expression of
VEGF-A (p < 0.05). Remarkably, melanin NPs tended to
stabilize the expression of IL-la under irradiation (p < 0.05)
(Figure 7C).

The obtained data demonstrated that in hFBs, melanin NPs
tended to protect the expression of functional genes to normal
levels after X-ray exposure. In hUVECs, melanin NPs altered
the gene expression; moreover, under irradiation conditions,
melanin NPs did not show a protective ability. In contrast,
irradiation and melanin NPs did not significantly impact these
genes in UCMSCs (Figure 7D).

3.9. Melanin NPs Protected Cell Viability against
Irradiation in hFBs But Not in hUVECs. Irradiation at doses
ranging from 3 to 10 Gy differentially affected the viability of
the three tested cell types. After irradiation, we observed a
substantial reduction in the cell density of hFBs and hUVECs
but not UCMSCs (Figure 8A). A marked effect was observed
in hFBs; at doses of 3, S, 7, and 10 Gy, the percentages of cell
viability in this cell type sharply decreased to 33, 31, 19, and
1% (of the control), respectively. Regarding hUVECs, these
values were 56, 47, 26, and 2% (of the control), respectively.
Interestingly, the impact of irradiation was significantly lower
in UCMSCs (Figure 8B). The viability of UCMSCs under
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radiation at 3 and S Gy was 86.7 and 81.9%, respectively (p <
0.01). Even at higher doses (7 and 10 Gy), the percentages of
cell viability were 65.3 and 63.2%, respectively, much higher
than those observed in hFBs and hUVECs (p < 0.001) (Figure
8B). These data indicated that irradiation selectively influenced
cell types and that UCMSCs expressed irradiation resistance.

Remarkably, melanin NPs successfully restored cell viability
in hFBs. The cell density increased in this cell population. At
the same time, no such observation was made in hUVECs
(Figure 8A). At doses of 3, S, and 7 Gy, the viability of hFBs
was 86, 78, and 65% corresponding to recovery rates of 2.6,
2.5, and 3.4 times, respectively. However, in the presence of
melanin NPs, the cell viability of the hUVECs did not recover
but was rather slightly decreased. In UCMSCs, the percentages
of cell viability at higher irradiated doses (7 and 10 Gy)
increased but not significantly compared to the control (p >
0.05) (Figure 8B).

Besides, the ROS assay indicated that nanomelanin could
significantly scavenge the amount of free radicals after ROS
induction in hFBs (Figure 8C).

These results proved that melanin NPs could selectively
protect certain cell types from radiation.

3.10. Melanin NPs Were Not Toxic to Zebrafish
Embryonic Development. The in vivo toxicity of melanin

NPs was demonstrated in the development of zebrafish larvae.
The visible defect was observed only at doses of 200 mg/L and
higher (Figure 9A). The toxicity effect with an LC50, of 205
mg/L, higher than the GHS’ 100 mg/L threshold, indicated
the nonaquatoxic nature of the compound.””*® The EC504g,
was 204 mg/L (Figure 9B), leading to a TI value of <1, which
means that the compound was a nonteratogenic drug.’”**

Since doses below 50 mg/L exert no effect on the survival
rate and morphology, we selected a concentration of 25 mg/L
(corresponding to 25 mg/mL) for the irradiation experiments,
similar to that used with the cells. No lethality or
morphological defects were observed in any condition (with/
without melanin NPs and all irradiation doses) (Figure 9C),
suggesting that at the body level, melanin NPs do not
synergistically interact with X-rays in terms of damaging the
organism.

4. DISCUSSION

The synthesis of nanosized melanin poses many challenges
because the final product frequently differs from natural
melanin due to changes in its structural and functional
features.””® There are very few studies on the biocompatibility
of melanin NPs in the literature. In addition, the impact of
melanin NPs on cell proliferation has been controversially
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28,31,32
reported,

raising the necessity of testing the safety of this
compound.

This study investigated the biocompatibility and radio-
protective activity of melanin NPs on three primary cell lines:
hUVECs, hFBs, and UCMSC:s. It is worth noting that most of
the reported papers evaluate the cytotoxicity of melanin and its
nanoform on commercial cancerous cell lines, which are
modified to adapt to the in vitro cell culture condition,*””%**
which may not reflect the accurate reaction of normal cells as

the primary cells do.

36934

Determination of cytotoxicity is the initial assessment of any
medical material.’” In the present study, the NPs had a low
cytotoxicity on hFBs, hUVECs, and UCMSCs at 72 h of
incubation. The compound did not induce the apoptosis gene
Caspase-3 in any of the three cell types at 25 ug/mL. In
addition, cellular senescence was not elevated when treated
with melanin NPs. This is crucial since these cells are the key
players in regeneration.">~"” If cellular senescence is induced,
the cells will have irreversible proliferative withdrawal.**~**
Moreover, melanin NPs did not alter the multilineage
differentiation capacity of UCMSCs, one of the most
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important characteristics of stem cells.'"”"> In addition, cell
migration was partially inhibited by melanin NPs in UCMSCs
and hUVECs but not in hFBs. In addition, we stained the cells
treated with nanomelanin with Hoechst, a DNA fluorescence
dye. The results showed that the morphology and size of the
cell nuclei were maintained as the untreated one, indicating
that nanomelanin did not cause a gross change in the cell
nuclei. More specific analysis should be used for DNA damage
in further works.

Remarkably, in vitro angiogenesis was suppressed in
hUVECs in the presence of melanin NPs. The reduction in
the expression of VEGF-A could mainly be causing this effect.
Previous papers identified that VEGF-A is responsible for both
cell migration and tube formation in endothelial cells.”*** In

the present study, the gqRT-PCR assay showed that in both
hUVECs and UCMSCs, the mRNA level of this gene
significantly decreased in the presence of melanin NPs
compared with the control; meanwhile, there was no change
in the expression of VEGF-A in hFBs. The VEGF-A level was
extremely reduced in hUVECs (10 times) compared with the
control. Several previous studies pointed out the relationship
between melanocyte pigmentation and VEGF-A. For example,
the depression of melanin production was correlated with
preventing VEGF receptor activity in melanocy‘tes.33’36’43 Most
recently, Han et al. clarified that M2 macrophages stimulate
melanocytes to produce melanin through the VEGF path-
way."* Notably, our study is the first to report the direct effect
of melanin NPs on the expression of VEGF-A in endothelial
cells, consequently inhibiting angiogenesis in vitro. In addition,
the NPs reduced the antioxidant gene SOD1 in hUVECs but
not in hFBs and UCMSCs.

These data demonstrated that melanin NPs were selectively
biocompatible with stromal cells, especially fibroblasts.
However, the NPs selectively perturbed the function of
endothelial cells at both the cellular and gene expression
levels. The reason for the different impacts of melanin NPs on
the three cell types may be due to their cellular internalization
capacity. hUVECs showed the highest NP uptake ability
compared with hFBs and UCMSCs. As reported in the
literature, endothelial cells are amateur phagocytes that can
clear various objects from the blood.* Fibroblasts and MSCs
are limited in the phagocytosis of only apoptotic bodies.**”
Another reason for the higher internalization capacity in
hUVECs compared to that in the two remaining cell types is
the aggregation of the NPs when added to the culture medium.
The formation of NP clusters in hFB and UCMSC cultures
could prevent the penetration/uptake of the NPs. Which
elements in the conditioned medium caused such accumu-
lation should be elucidated. Nonetheless, our results revealed
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that, similar to cancer cells, as reported,”* the uptake of
melanin NPs would affect the biocompatibility of cells.

The radioprotective activity of melanin NPs was identified
when three cell types were irradiated at different doses. As
observed in previous studies, the percentage of cell viability
sharply decreased in both hFBs and hUVECs.'®~** Fibroblasts
showed more sensitivity to endothelial cells, consistent with
previously published papers.”"** Interestingly, cell viability was
recovered at every tested dose in the fibroblast population in
the presence of NPs. This means that melanin in the form of
NPs in this study maintained its ability to rescue cell survival
from radiation. The ROS assay confirmed this protective effect,
which showed the ROS scavenging ability of nanomelanin.
This result strongly indicated that melanin NPs are a radiation-
protective agent.

Moreover, the protective capacity of NPs was also observed
at the molecular level in the hFBs. In the presence of melanin,
the expression of the angiogenesis gene VEGF-A, the
antioxidant gene SOD, and the irradiation sensitivity gene
IL-la tended to return to normal levels after irradiation.
Protecting gene expression meant that the irradiated cells
could be healed from the damage caused by radiation.*’~>"

However, the radiation-protective effect of melanin NPs was
not observed in hUVECs. This substance could not restore cell
viability following irradiation. In addition, the NPs and
irradiation synergistically inhibited tube formation in hUVECs.
Moreover, melanin NPs in irradiated hUVECs synergistically
induced apoptosis genes and reduced the number of
antioxidant genes. Once again, the results demonstrated that
melanin NPs selectively protected hFBs but not hUVECs from
radiation. As indicated in previous papers, melanin NPs could
be applied in cancer therapy.”” In our current study, the effect
of melanin NPs on endothelial cells has excellent implications
for cancer treatment. The anticancer effects of melanin and
melanin NPs have been reported based on their antioxidant
and anti-inflammatory activities.”” Little is known about the
antiangiogenesis ability of this compound. Herein, we clearly
showed that melanin in the form of NPs inhibited angiogenesis
in vitro. This characteristic could contribute to the role of
melanin NPs as anticancer compounds. Remarkably, our study
indicated the radiation resistance of UCMSCs at both cellular
and molecular levels. Radiation did not affect cell viability or
functional genes in UCMSCs, such as VEGF-A, SOD, Caspase-
3, and IL-1a. In addition, the differentiation ability of MSCs
was maintained after X-ray exposure, especially for osteo-
genesis and adipogenesis. The radiation resistance feature of
UCMSCs was consistent with previous studies.”>>* It is worth
noting that most of these published papers concentrated on the
radioprotective activity of MSCs in gamma ray irradiation. In
our study, we demonstrated the X-ray resistance of this cell
type.

The zebrafish embryo model is considered the most suitable
for the toxicity assessment of medical compounds in the early
development phase.”” In this study, after 96 h of treatment
with melanin NPs, the TI values were kept from 0.7 to 1,
indicating that melanin NPs were a teratogenic substance and
safe for embryo development under the ICH SS5(R3)
Guideline.”> The in vivo radiation-protective activity of
melanin NPs was also investigated in a zebrafish embryo
model. However, the embryo viability was still high, even at the
highest tested dose of 15 Gy. Of note, the dose (15 Gy) used
in the study was 10 times higher than the dose applied to
humans®” but was still unable to affect the embryo. A higher
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dose should be used in a further work to determine the
protective effect of melanin NPs. Nevertheless, the results
indicated that melanin NPs were not synergistic with
irradiation and were lethal to zebrafish embryos.

However, our study also had some limitations, suggesting
that further work should be addressed. First, the quantitative
relationship between the cellular melanin NP uptake and the
cytotoxicity should be measured. Second, the involvement of
the NP distribution and its radioprotective activity should be
studied. Third, the mechanism of NP aggregation in the cell
culture medium of hFBs and UCMSCs should be clarified.
Furthermore, from what we have found, the follow-up in vivo
experiments should be designed to verify selective protection
of different cell types within the organism. Nonetheless, these
results still suggested that squid-ink-derived melanin NPs play
a potential role as a cell-type selective radiation-protective
agent.

5. CONCLUSIONS

In conclusion, squid ink melanin NPs showed the highest
biocompatibility and X-ray protective activity in human
fibroblasts but affected the function of hUVECs. These NPs
could inhibit the tube formation and migration of hUVECs.
Even though the NPs showed no effect on the early
development of the zebrafish embryo, the use of nanomelanin
on targeted cells should be carefully investigated and
controlled.
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