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Abstract

Biocompatibility tests were performed for melanin synthesized in water (W-Mel) and dimethylsulfoxide (D-Mel) aiming to
evaluate its potential for bioelectronics application. In vitro biocompatibility of melanin was assessed using crystal violet
assays with fibroblast cells (NIH3T3) cultured with W-Mel and D-Mel extracts in various dilutions. The results show that a high
concentration of melanin kills the cells. However, after periods of 48 h incubation, cell viability is significantly favored after
treatment with D-Mel at low concentrations (1:16, 1:32 and 1:64), as opposed to treatment with W-Mel extracts. Cellular adhesion
tests show that fibroblast cells adhere to melanin thin films. These results show that D-Mel may be an interesting material for

application in bioelectronic devices targeted for implants.
© 2016 Society of Chemical Industry
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INTRODUCTION

In recent decades, conductive polymers have gained attention
because of their good optical and electrical properties, low cost,
easy synthesis and processing, as well as for being flexible, porous,
biodegradable and biocompatible, serving as an alternative in
electronic devices for implants.'~3 Currently, there is a great
demand for new materials in the production of biosensors, since
the combination of electronic devices and organic materials can
be more advantageous when compared to the conventional
biodetection methods, as it simplifies the detection of biological
species.’

An increasingly prominent material is melanin. Melanin is a
natural pigment present in the human body, which has sev-
eral functions, such as photoprotection, photosensitivity, metal
chelation and thermoregulation, making it a potential poly-
mer for applications in implanted devices.*~% Nowadays, this
biomolecule is used in several applications, such as batteries,”
sensors,® drug release,’ tissue engineering'® and biomimetic
interfaces."'2 Therefore, melanin is an attractive candidate for
organic implantable devices due to its interesting electrical,
optical and physicochemical properties, such as photoconduc-
tivity in the solid state, hybrid ionic—electronic conduction and
biocompatibility.3'>1* Studies concerning melanin biocompat-
ibility indicate good cellular responses in the presence of the
pigment, which makes it suitable for implants.'%1516

In natura, after a series of oxidative processes, melanin is formed
from tyrosine.*'” However, given the difficulty of extraction of
natural melanin, much research uses the material synthesized
from the oxidation of L-3-(3,4-dihydroxyphenyl)alanine (L-dopa)
in aqueous medium."”” Melanin obtained during this process is

insoluble in water and other solvents, which limits the production
of devices based on melanin thin films.

A simple way to use melanin in technological applications is by
obtaining soluble melanin analogues, which facilitates its depo-
sition as thin films.”®~2" In 2004, a soluble melanin analogue
was obtained through organic synthesis using dimethylsulfox-
ide (DMSO) and benzoyl peroxide.'® The melanin-like derivative
from this procedure (D-Mel) is a product similar to melanin, with
interesting electronic properties, greater solubility in DMSO and
with good thin-film properties.'®?272* D-Mel is comparable to
traditional melanin, differing only in the functionalization of the
5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic
acid (DHICA) structures with sulfonated groups (=SO,CH,).%*
Figure 1 illustrates the structure of melanin monomers.

Thus, since there is limited work on melanin biocompatibil-
ity and no reports of the study of melanin-like polymers corre-
sponding to D-Mel, the work reported here aimed to evaluate its
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Figure 1. Monomers that constitute melanin. Monomers obtained by
synthesis in (a) water and (b) DMSO.

biocompatibility and thin-film adhesion, comparing with tradi-
tionally synthesized melanin, aiming at the implementation of
melanin analogues in implantable devices.

METHODS

Melanin synthesis

The synthesis of traditional melanin in aqueous medium (W-Mel)
was carried out using a known procedure,?® described briefly
as follows. Initially, 1.00g of L-dopa was dissolved in 200 mL of
deionized water (Milli-Q), at pH 8 to 10. This mixture was stirred
for 3 days at room temperature under oxygenation, utilizing an air
pump. After the synthesis was completed, the solution was placed
in a 5000 Da dialysis membrane and immersed in Milli-Q water, in
order to eliminate synthesis residues. The product was dried in an
oven at 80 °C.

In order to realize the synthesis of melanin in organic phase,
the reaction of 1.500 g of L-dopa with 0.925 g of benzoyl peroxide
and 200 mL of DMSO was performed. The reaction was maintained
under agitation at elevated temperature (100°C) for 8 days.?®
Subsequently, the solution was heated until 25% of the initial
amount was left. After reaching room temperature again, 150 mL
of acetonitrile was added and left for 12 h in order to precipitate
melanin. Finally, the sequence of centrifugation/extraction of the
precipitate resulted in the purified powder of synthetic D-Mel.

Experimental groups

Cellular tests with melanin were carried out with powdered sam-
ples (extracts). Both W-Mel and D-Mel were dispersed in Dulbecco’s
modified Eagle medium (DMEM; Nutricell) with 10% fetal bovine
serum (FBS; Nutricell) at 50 mg mL™" (initial dilution). After vigor-
ous stirring using a vortex, the solutions were left for 24 h in a CO,
incubator at 37 °C. From the initial dilution, serial dilutions of 1:2,
1:4, 1:8, 1:16, 1:32 and 1:64 were made. These dilutions, as well as
positive and negative controls, were used as experimental groups.

Cell culture

Cellular viability tests were performed according to 1SO 10993 - 5,2
using mouse fibroblast cells (NIH3T3) from animmortalized culture
(ATCQ). Fibroblasts were grown in DMEM supplemented with 10%
FBS. Cells were maintained and incubated in a culture flask at 37 °C
in a 5% CO, humidified atmosphere. After subconfluence, the
cells were removed from the culture flask using a trypsin enzyme
solution (0.25% trypsin, 1 mmol L=" EDTA; Sigma-Aldrich) diluted
in phosphate-buffered saline (PBS; 2:8). Subsequently, these cells
were maintained for 5 minina CO, incubator at 37 °C,and then the
enzyme was inactivated with DMEM culture medium.? The cells

detached from the bottle were centrifuged at 1200 rpm for 5 min at
4°C. The centrifuging provided a cell pellet which was suspended
in DMEM with 10% FBS.

Crystal violet tests

The effects of W-Mel and D-Mel extracts on the viability of cells
were assessed using crystal violet tests.?’ Fibroblast cells were
plated at a density of 2x10° cells per well in eight 96-well
plates each. After 24 h of incubation in CO, at 37 °C, the medium
was replaced by DMEM with 10% FBS and the various dilu-
tions of melanin extracts were also added. Positive (DMEM with
10% FBS) and negative (DMEM with 1% FBS) control groups
were also present. After addition of media containing melanin
extracts, plates were incubated for various experimental periods:
6, 12, 24 and 48 h. After each period, the culture media were
removed, and cells were rinsed twice with PBS and fixed with
100% methanol for 10 min. Subsequent to methanol removal, a
0.2% crystal violet solution in 20% ethanol was added in each well
for 3 min. The excess of this dye was removed by washing with
PBS. Finally, 0.05 mol L~ sodium citrate in 50% ethanol was added
over 10 min. All assays were done in triplicate. The absorbance of
each well was assessed using a spectrophotometer (Synergy MX
Monochromator-based Biotek), at 540 nm.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 5 soft-
ware. Results of cellular viability tests showed a normal distribu-
tion, then an ANOVA test (one-way and two-way ANOVA), with
Bonferroni and Tukey post-test, with p <0.05, was used.>® The
hypothesis was that the means of several groups were equal, and
the hypothesis was rejected when the difference was statistically
significant.

Melanin thin films for cellular adhesion tests

Cell adhesion tests were performed on melanin thin films,
prepared from four precursor solutions: W-Mel solutions (con-
centrations of 5 and 30 mg mL~" in aqueous solutions of NH,OH),
representing groups 1 and 2, and D-Mel solutions (concentrations
of 5 and 30mgmL~" in DMSO), representing groups 3 and 4,
respectively. Aqueous solutions of W-Mel were obtained following
a procedure adapted from Bothma et al.3! Briefly, group 1 solution
was prepared from 75 mg of W-Mel diluted in a solution of 5mL
of water and 10 mL of NH,OH. The mixture was stirred at room
temperature for 1h and a further 1h in an ultrasonic bath. The
group 2 solution was prepared similarly, and solutions 3 and 4
(D-Mel solutions) were obtained according to the same procedure,
however using only DMSO as solvent.

The solutions were deposited onto glass substrates using the
spin-coating technique with a rotation speed of 2000 rpm for 60 s.
The surface morphology of the melanin films was investigated
using an AFM instrument (AFM xe7, Park Systems) working in
non-contact mode.

Cell culture

Primary human gingival fibroblasts (hGF) were obtained from sam-
ples of healthy tissue from patients. The experimental protocol
used in this study was approved by the Committee on Ethics
in Human Experimentation, Bauru School of Dentistry, University
of Sdo Paulo (Protocol Number 6706412.2.0000.5417, 8 Novem-
ber 2012), and written informed consent was obtained from all
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Figure 2. Cell viability using crystal violet tests. Effects of (a) W-Mel and (b) D-Mel on fibroblasts. All graphs are on the same scale to facilitate comparisons.
Initial dilution refers to W-Mel (or D-Mel) extracts dispersed in DMEM with 10% FBS at 50 mgmL~". Asterisks represent significance levels of the tests:

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

patients. This study was performed in accordance with the Dec-
laration of Helsinki.

The harvested tissue was rinsed several times in sterile saline
solution (0.9% sodium chloride) and antibiotics (100 UmL™" peni-
cillin, 125 pg mL™" streptomycin and 5 ug mL~" amphotericin). The
tissue was cut into small pieces and cultured with DMEM contain-
ing 10% FBS. The cells grew from explants until reaching conflu-
ence; then they were detached with 0.025% trypsin (Sigma Chem-
ical Co.) for 10 min and subcultured in T-75 cell culture flasks. The
hGF were cultured in a humidified atmosphere of 5% CO, and 95%
air at 37 °C. Cell cultures used in experiments were in passage 5.

Cells (1x 10* hGF per well) were transferred to 24-well plates,
containing sterile spherical glass coverslips (13 mm in diameter),
and coated with films, in duplicate (n = 8). Spherical glass cover-
slips without films were used as control (negative control). The cells
remained in seeding media from 24 to 48 h.

SEM analysis
A morphological study of the cells cultured on melanin films was
carried out after 24 and 48 h of cell culture using SEM (T 220-A, Jeol,
Tokyo, Japan).3233

After the 24 and 48 h test periods, the coverslips were carefully
removed and 20 specimens (eight for each group and four neg-
ative controls) were used for SEM. Each specimen was fixed over
osmium tetroxide vapor (0sO,) for 24 h and then dried for 72 h in
a glass desiccator with silica gel, gold-coated in a sputter coater
(Balzers, Hammer VI, Alexandria) for 120 s and observed.

RESULTS

Figure 2 shows the results of cell viability using the crystal violet
tests. Crystal violet is a dye that electrostatically binds to nuclear
DNA and cellular proteins. Therefore, in absorbance studies, lower
absorbance values indicate a decrease in the number of viable cells
after treatment with melanin extract. Asterisks indicate the groups
that showed significant differences in the variance analysis test
(ANOVA).

In all tests, cells from positive and negative control groups are
viable, the difference is the number of viable cells between these
groups. Results show that the negative control groups have lower
absorbance, always justified by the small amounts of available
growth factors (1% FBS). Despite the viability in both control
groups, cells experienced less stimulation in the negative control
group, thus causing them to proliferate less, which is expected and
validates the methodology. During periods of 24 and 48 h, groups
treated with the initial dilution of W-Mel and D-Mel show negative
results, i.e. a high concentration of melanin kills the cells.

Figure 2(a) indicates that after treatment with W-Mel extract,
most cells show lower viability than the positive control group,
with some exceptions. For 6 h of incubation, groups treated with
1:16, 1:32 and 1:64 concentrations of W-Mel have a higher viability
than the control group, although these differences are not sig-
nificant. Even so, a higher viability is also observed in the group
treated with 1:64 concentration after 24 h. It is interesting to note
that after 48 h of treatment, all W-Mel extract concentrations
promote the reduction of cell viability, with significant differences
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Figure 3. Cell viability using crystal violet tests. Effects of W-Mel and D-Mel on fibroblasts after incubation periods of (a) 6 h, (b) 12 h, (c) 24 h and (d) 48 h.
All graphs are on the same scale to facilitate comparisons. Asterisks represent significance levels of the tests: *p < 0.05; ***p < 0.001; ****p < 0.0001.

(@ )

Figure 4. AFM images (1.0 pm x 1.0 pm) of melanin thin films: (a) W-Mel 5 mg mL~" (group 1); (b) W-Mel 30 mg mL~" (group 2); (c) D-Mel 5 mg mL~" (group
3); (d) D-Mel 30 mgmL~" (group 4).
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Figure 5. Within 24 h, fibroblasts are observed (red arrows) in all groups (experimental and control). Groups 1 to 4 represent different concentrations
from precursor solutions of melanin thin films. Fibroblasts show characteristic morphology with cytoplasmic extension and suggestive region of the cell

nucleus (white asterisk).

when compared to the positive control group. Other treatments
with W-Mel show less cell viability than the positive control
group.

From Fig. 2(b) it can be observed that treatment with D-Mel
extracts leads to different reactions depending on extract con-
centration and incubation time. For incubation times of 12 and
24 h, the presence of melanin in any concentration decreases cell
viability when compared to the positive control group. During
incubation of 6 and 48 h, the extracts with initial, 1:2, 1:4, 1:8 and
1:16 dilutions show a lower viability than the control group. On
the other hand, for periods of 6 and 48 h, the cells incubated with
D-Mel extracts in 1:32 and 1:64 concentrations present a higher
viability. It is noteworthy that the difference between the positive
control and the 1:64 groups is significant.

Figure 3 shows the results of crystal violet tests, directly compar-
ing the treatments with W-Mel and D-Mel|, for various incubation
periods. Although differences are not significant, it is important to
emphasize that, generally in high concentrations, D-Mel extracts
provide a worse cell viability than W-Mel extracts for incubation
periods of 6, 12 and 24 h. After 48 h incubation, cell viability is sig-
nificantly favored after treatment with D-Mel at low concentrations
(1:16, 1:32 and 1:64).

Morphological characterization of melanin thin films before
cell culturing performed using AFM is shown in Fig. 4. Thin-film
roughness from groups 1 to 4 are respectively 0.239, 0.377, 3.328
and 4.466 nm. Note that the higher surface roughness obtained
in D-Mel films, comparing with W-Mel films, may be a result of
the higher aggregation of melanin synthesized in DMSO at high
temperature (100 °C). This synthesis promotes an increase of DHI
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Figure 6.1n 48 h, cells are observed (red arrows) in all groups, including control. Groups 1 to 4 represent different concentrations from precursor solutions
of melanin thin films. The cells, in all groups, show cytoplasmic extension and suggestive region of the cell nucleus (white asterisk).

structures in the polymer,?® which may lead to molecules with a
higher degree of polymerization.

Figures 5 and 6 show images obtained from tests of cell adhesion
on melanin thin films. For all groups in the two periods (24
and 48h), the fibroblasts are found to be adhered and present
apparently normal morphology. The cytoplasmic extensions, as
well as suggestive cell nucleus regions, are general findings for all
samples. In comparison, the 48 h samples reveal a more uniform
distribution and also more cells on the studied surfaces.

DISCUSSION

Melanin and melanin analogue are compounds that have potential
for a wide range of biomedical applications. However, the biocom-
patibility of these materials has not been adequately characterized

and studies addressing melanin biocompatibility are scarce. The
goal of our study was to explore the cellular viability and cell adhe-
sion of fibroblast cells in melanin extracts and thin films.

In vitro tests of melanin synthesized in water and in DMSO
assessed using crystal violet assays with fibroblast cells show that
after 48 h in incubation, cell viability is significantly favored after
treatment with D-Mel at low concentrations (1:16, 1:32 and 1:64),
as opposed to treatment with W-Mel extracts.

The observed effect of reduction of cell viability after 48 h of
treatment with W-Mel extract can be explained by the inherent
cytotoxicity of primary constituents of melanin, observed for var-
ious cell lines3*737 Studies concerning the inherent cytotoxicity
of the monomers DHI and DHICA against various cell lines show
that, under usual assay conditions, the apparent cytotoxicity of
these two indole moieties reflects their instability in the culture
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medium. The increase of the cytotoxic effects observed with
incubation time is justified by the generation of reactive oxygen
species (especially H,0,) during melanin precursor auto-oxidation
outside the cells.3*

Regarding the differences between the W-Mel and D-Mel
extracts, the higher viability of cells incubated with D-Mel
can be explained by the effect of sulfate groups attached
to monomers that constitute D-Mel. Structurally, the main
difference  when melanin is synthesized in DMSO is the
incorporation of sulfonated groups coming from DMSO oxi-
dation, at the phenolic hydroxyl group of DHI and DHICA.'824.26
This functionalization of D-Mel can enhance cell viability, since
chemical structure and functional groups play a very impor-
tant role in biocompatibility.>® For instance, melanin colloidal
nanospheres, shown to be biodegradable, presented a median
lethal dose and induced no toxicity during long-term retention
in rats.® Extracts of poly(2-hydroxyethyl methacrylate) contain-
ing adrenochrome-melanin showed no cytotoxicity to human
choroidal fibroblasts, only for the extracts of polymers with a high
melanin content.*

In the present study, the sulfonation of DHI and DHICA
monomers may also increase the cellular viability due to the
fungicidal effect presented by organosulfur compounds.*! Other
studies supporting this hypothesis show that surface-modified
sulfur nanoparticles also expressed promising inhibitory effects
on fungal growth.*?

Cellular adhesion tests show the ability of fibroblast cells to
adhere to melanin thin films. Apparently, there is no differ-
ence between cell adhesion on films of W-Mel and D-Mel. The
panorama, cell number and morphology are very similar. Thus, the
results indicate that different films allow adhesion of fibroblasts,
since normal morphology is observed for this cell type.

These results are similar to other studies that indicate cell
viability and cell adhesion in melanin thin films. Bettinger and
colleagues evaluated the potential use of melanin films as a
material for tissue engineering applications by using in vitro
biocompatibility in terms of cell attachment and growth.’® The
melanin for thin-film production was also dissolved in DMSO
and their results suggest that solution-processed melanin thin
films have the potential to be used as a biodegradable semi-
conducting biomaterial in tissue engineering applications. In
vitro biocompatibility assessed by examining the potential for
melanin films to support the growth and attachment of cells
suggests that, cultured on melanin thin films, cells exhibit a
more activated phenotype than on collagen-coated glass and
uncoated glass.'® Other results show that melanin films support
adhesion, regular growth, survival and, mainly, the formation of
neuronal precursors and neurons starting from undifferentiated
cells.’®

CONCLUSIONS

We report the biocompatibility of melanin synthesized in water
(W-Mel) and in DMSO (D-Mel) through crystal violet assays and
cellular adhesion tests. In vitro tests allowed us to verify that
melanin extract at high concentrations did not allow cell viability
of fibroblast cells. However, cell viability is significantly favored
after treatment with D-Mel at low concentrations (1:16, 1:32 and
1:64). Comparing treatments with W-Mel and D-Mel, the cells
incubated with melanin extract synthesized using an organic
route (D-Mel), which leads to functionalization with sulfate groups,

provided better results when compared to the treatment with
melanin synthesized in water (W-Mel).

The statistical tests performed indicated that cellular viability is
affected by incubation time, extract concentration and melanin
structural characteristics. The results indicate that when in contact
with the melanin extract at low concentrations, fibroblasts may
exhibit a more active phenotype, increasing their proliferation as
compared to control group cells.

To our knowledge, this is the first study of the cytotoxicity
of melanin functionalized with sulfate groups. Since the organic
route promotes structural differences in D-Mel, the effects of these
changes in biocompatibility properties are promising, with better
cell viability and adhesion than observed for traditional melanin.
These results show that D-Mel may be an interesting material for
application in implantable devices.
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