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ABSTRACT: Melanin is a kind of ubiquitous natural pigment, which

serves a variety of protective functions in many organisms. In the present

study, natural melanin and synthetic melanin nanoparticles (NPs) were uv
systematically investigated for its potential application in polymeric \ ()
optical materials. A significant short-wavelength shielding and high ® -

o o . . . . . Vis / Big particle Vis ¢ .
visible light transparency polymer nanocomposite was easily obtained via \ P \ °.
tuning the melanin particle size. In particular, the nanocomposite film ‘e
with melanin NPs (diameter &~ 15 nm) loading even as low as 1 wt % , o

e / g N heat
blocks most ultraviolet light below 340 nm and still keeps high visible Ve . ~\
light transparency (83%) in the visible spectrum. More importantly, (™ Sall Badiicde ‘o o .
because of the excellent photoprotection and radical scavenging @ Photothermal conversion o
capabilities of melanin, the resulting polymer nanocomposite exhibits ®
outstanding photostability. In effect, such fantastic melanin NPs is

Scattering losses °
@ y *° .
Lz uv

Melanin Polymer

promising for applications in various optical materials.
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Bl INTRODUCTION

Ultraviolet (UV) radiation has been used in a wide variety of
fields such as biomedical materials, cosmetic, optical sensors,
polymer modification, and so on. However, it is well-known
that overexposure to UV light would harm human health.’
Because of its high-energy, UV light with short wavelengths can
also destroy the covalent bonds in organic materials, causing a
series of undesirable degradation effects on materials. To avoid
the harmful effect of UV irradiation, it is essential to design
effective UV-shielding optical materials.

Among the materials used in the optical materials field,
polymers blended with fillers have been considered as one of
the most effective methods and found numerous applications in
household, industry, and military field. In the last decade, many
organic UV absorbers and inorganic oxides have been reported
to improve the UV-shielding performance of polymers.”*
Organic UV absorbers such as benzophenones or triazines can
dissipate UV light. Inorganic oxides (e.g, titanium dioxide, zinc
oxide, silicon dioxide, and aluminium oxide) attenuate UV light
through bandgap absorption and scattering of light. However,
conventional organic absorbers always suffer from photo-
degradation, migration, or aggregation when embedded in
polymer matrices.”® The majority of inorganic oxides usually
show side effects, such as photocatalytic property upon UV
light absorption, which could induce photodegradation of
polymer matrices simultaneously.””~ Another way of prepar-
ing UV protective polymer materials is by applying high
concentrations of protective coating on the material. Never-
theless, the shortcoming is the expensive secondary step during
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the production process. Recently, ZrO,—SiO, photonic crystal
fillers have been fabricated by layer-by-layer deposition.
Unfortunately, the visible light transparency of the film was
not as good as expected when it came to the complete UV-
shielding performance.'’”'> Besides these organic and
inorganic oxide materials, nitrogen-doped graphene sheets
were used as UV absorbers."”

Melanin is a special kind of biomacromolecule that is widely
found in nature and display many useful properties, such as
adsorption of UV radiation (photoprotection), coloration,
photothermal conversion, and free radical scavenging proper-
ties."*™"” The chemical structure and properties of melanin
have been already proposed; however, the exact knowledge of
its structure, especially at the molecular level, remains poorly
documented. In general, melanin owns many reactive groups,
such as —NH— and —OH.””*' There are two methods to
prepare melanin models: natural melanin model and synthetic
melanin model. The natural melanin model has been obtained
from a biological source. Synthetic melanin model is obtained
by chemical oxidation of dopamine or enzymatic oxidation of
precursor molecules.”” Both natural and synthetic melanin
show similar physical and chemical properties.”’ In fact,
exploiting the many desirable of functional properties of
melanin to augment the properties of other materials still
remains largely unexplored.
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Bisphenol A polycarbonate (PC) as engineering plastic, is
used in many fields. PC would degrade and display losses in
mechanical properties and yellowing because of UV light.”*** It
is known that blending of traditional UV absorbers, quenchers,
and radical scavengers can protect PC but are not very effective
in preventing the degradation of the surface of films. In this
case, the high content of stabilizers is necessary. Thus, the
exploration of UV-shielding and photostability PC composites
is highly desirable by simple methods.

In this paper, natural melanin extracted from Sepia officinalis
and synthetic melanin derived from the oxidation of dopamine
have been used to enhance the UV-shielding properties of PC.
Introduction of fillers into transparent polymers, even at low
contents, often leads to opaque composites because of light
scattering caused by the fillers because of the refractive index
mismatch between fillers and polymer matrices.”® Taking the
above into account, the visible light transparency property of
the PC nanocomposite films was further studied. The results
demonstrated that the shielding and visible light transparency
behaviors of nanocomposite were strongly size-dependent. As
the particle size decreased, the PC nanocomposite exhibited
high short-wavelength shielding, high visible light pass, and
photostability properties.

B EXPERIMENTAL SECTION

Materials. Bisphenol A PC was obtained from Sabic Innovative
Plastic. Dopamine hydrochloride (98%) and rhodamine B (RhB,
>99%) were purchased from Aladdin. Titania (TiO,) nanoparticles
(NPs) (P25) with a size of approximately 25 nm were purchased from
Sigma-Aldrich.

Extraction of Natural Melanin NPs. Natural melanin was
separated from ink of S. officinalis. After several washing and
centrifugation (10000 rpm for 30 min) processes, a clean natural
melanin was obtained.

Size Control of Synthetic Melanin NPs. The synthesis of
melanin NPs with a diameter of ~240 and ~80 nm is given. Melanin
NPs were synthesized by oxidation of dopamine following the
procedure outlined by Lee et al."* Dopamine hydrochloride (0.18 g)
and NaOH solution (0.76 mL, 1 N) were dissolved in deionized water
(90 mL), and stirred at 20 and S0 °C, respectively. After S h, synthetic
melanin NPs were purified repeatedly by centrifugation (10 000 rpm,
30 min) and washed with water several times until the supernatant was
clear. Then, the sample was dried in vacuum for 24 h to obtain
synthetic melanin (melanin-240 and melanin-80). Melanin NPs with a
diameter of ~15 nm (melanin-15) were prepared according to our
previous report; dopamine hydrochloride (0.18 g) and NaOH solution
(0.9 mL, 1 N) were added into poly(vinyl alcohol) solution (0.1 wt %,
90 mL) and stirred at S0 °C for S h. Melanin NPs were purified
repeatedly through centrifugation (18 000 rpm, 30 min) and washed
with water several times until the supernatant was clear. Then, the
sample was dried in vacuum for 24 h to obtain synthetic melanin.”'

Preparation of Polymer Nanocomposites. Melanin NPs were
dispersed in a 20 wt % PC in cyclohexanone solution (100 mL). Then,
films (thickness of 100 ym) were prepared by the casting method and
dried in vacuum oven at 60 °C for 24 h to eliminate the solvent
completely.

UV-Shielding Performance of PC Nanocomposite Films. The
degradation of RhB (50 mL) with TiO, (25 mg) under a high-pressure
mercury lamp (150 W) was applied to measure the UV-shielding
properties of films. RhB solution was added into a beaker and covered
with films. The air gap between the polymer film and the solution was
about 4 cm. The distance between the lamp and the film was about 10
cm. The absorbance at 552 nm of solution was determined.

UV-Ageing Test Procedure. The UV-aging test was performed in
a chamber with a UV lamp (RPR-200 Rayonet, irradiation wavelength
of 365 nm) with an light intensity of 90 W/m? at the center of the
reactor.

Characterizations. The morphologies of melanin were obtained
on scanning electron microscopy (SEM, Hitachi $4800) and
transmission electron microscopy (TEM, Philips TECNAI 20),
respectively. The mean diameter and size distribution of melanin
NPs were measured using dynamic light scattering (DLS) measure-
ments (ALV/DLS/SLS-5022F, Germany). UV—vis spectra were
observed by a TU-1901 spectrophotometer. The degraded films
were detected by using Fourier-transform infrared spectroscopy
(FTIR). The surface topography of films was investigated using an
atomic force microscope (AFM, Bruker MultiMode 8).

B RESULTS AND DISCUSSION

Sepia eumelanin from cuttlefish are used as a standard for
natural melanin. SEM and TEM images reveal that the natural
melanin NPs are roughly spherical (average diameter of 150
nm) (Figure lab).

Figure 1. (a) SEM and (b) TEM images of natural melanin (sepia
eumelanin).

The optical properties of PC/natural melanin nanocomposite
films were measured using UV—vis spectroscopy. The pure PC
film shows no obvious absorption in the region 300—400 nm.
On incorporation of natural melanin, the spectrum of PC
nanocomposite shows absorption below 400 nm, and the
shoulder absorption becomes stronger with the increasing
natural melanin content (Figure 2a). The UV-shielding
properties of the nanocomposite film were evaluated by UV—
vis transmittance spectra. The pure PC film demonstrates little
absorption between 270—350 nm and only blocked deep UV
light below 270 nm. By contrast, the PC nanocomposite film
with the addition of 0.5 wt % natural melanin NPs shows about
50% blocking in the region of 300 nm. When the natural
melanin content increased to 2 wt %, the film could almost
shield the UV radiation below 280 nm, whereas the
transparency at S50 nm is only about 40% (Figure 2b).

As shown in Figure 2b, the shielding property can be easily
improved through increasing the natural melanin content.
However, it is a challenge to get a good balance between the
shielding property and visible light transparency. A high visible
light transparency is the important premise for optical
materials. The properties of polymer composites depend on
the shape of the filler particles and the dispersion of fillers in
the matrix. To our knowledge, the particle size of melanin NPs
can be simply controlled by tuning several synthetic conditions.
By mimicking natural melanin, synthetic melanin NPs with
different sizes were designed. The preparation process of
synthetic melanin is illustrated in Figure 3. As indicated in the
SEM (Figure 3), the synthetic melanin NPs with three different
sizes were obtained. All NPs display smooth spherical shapes.
At the same time, the size of each sample was characterized by
TEM and DLS (Figure 4). The three synthetic melanin NPs
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Figure 2. (a) UV—vis absorption spectra and (b) transmittance spectra of nanocomposite films with different natural melanin content.
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Figure 3. SEM images of synthetic melanin NPs with different particle sizes: (a) melanin-240, (b) melanin-80, and (c) melanin-15 nm. (The inset

shows the fabrication of synthetic melanin.)

show relatively narrow distribution, and the diameters were

estimated to be 240, 80, and 15 nm.
The FTIR spectra of natural and synthetic melanin are

shown in Figure Sa. No substantial differences are observed
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Figure 4. TEM images of synthetic melanin NPs with an average
particle diameter of (a) 240, (b) 80, and (c) 15 nm. (d) DLS of NPs.

13102

between them, indicating similar functional groups. Both
spectra display a broad band at 3400 cm™', attributed to
stretching vibrations of —OH and —NH, groups. As may be
expected, the absorption spectrum of synthetic melanin shows a
broad absorbance increase from 700 to 200 nm similar to that
of natural melanin (Figure Sb). Those broad spectra normally
are related to the photoprotective function. Synthetic melanin
NPs with a small size shows an additional peak at 280 nm,
which is most likely due to the quinone in the melanin
backbone reverting to a catechol.”” In addition, the particle size
of the synthetic melanin NPs was still kept after 500 h of UV
exposure (Figure 6).

Furthermore, the effect of the melanin particle size on optical
properties was investigated. Figure 7a shows the UV—vis
transmittance spectra of PC nanocomposite films with only 1
wt % melanin NPs loading. It is found that the UV-shielding
and visible light transparency depend on the size of melanin
NPs obviously. When melanin NPs with a size of 240 nm was
incorporated, the nanocomposite film could only block the UV
radiation below 270 nm, and the visible light transparency
deceases to 50%. Interestingly, with the particle size decreasing
from 240 to 15 nm, the UV-shielding performance improves, all
of the UV light below 340 nm is efficiently blocked, whereas
visible light transparency is still very high (83%), being close to
that of the pure PC. For discrete spherical particles embedded
in a polymer matrix, the decrease of visible light transparency
because of light scattering can be described by eq 1**

DOI: 10.1021/acsami.8b02658
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Figure 5. (a) FTIR characterization and (b) UV—vis absorbance of natural and synthetic melanin (20 ug mL™"). (The inset b: photograph of
melanin dispersed in H,0.)

Figure 6. TEM images of synthetic melanin NPs after S00 h of UV exposure (a) melanin-240, (b) melanin-80, and (c) melanin-1S nm.
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Figure 7. (a) UV—vis light transmittance spectra of PC/melanin nanocomposites. (b) TEM image for PC/melanin-15 (1 wt %) nanocomposite.
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where x is the optical path-length, V, is the particle volume \ @ \ o o 0"
@

fraction, r is the particle radius, 4 is the light wavelength, and n,

and n, are refractive indices of the particles and matrix, { @ P i v\.s “e .
respectively. Equation 1 shows that the light intensity reduces e
dramatically as r increases. For a small particle, light scattering @ ¢ .
is significantly reduced and thus the visible light transparency of [*] — S\ feat . :\
the polymeric material is retained. Generally, as the particle size & s o

. . . . ®
decreases, particle agglomeration becomes severe and deterio- © Small particle ¢

rates the particle dispersion. Such agglomerates can persist in ® Photothermal conversion v O O
the composite and scatter visible light.”*** Figure 7b shows @ Ve

X . . nin Polymer
TEM of the PC/melanin-15 nanocomposite. Fortunately, it is
obvious to see that the melanin NPs are individually dispersed Figure 8. Schematic representation of the influence of the melanin
in the PC matrix. The good dispersion of melanin NPs is an particle size on optical properties of polymer nanocomposites.
additional factor that nearly nullifies the Rayleigh scattering
losses, especially in the visible region, thereby retaining the to keep the high transparency of the polymer because of light
optical clarity. As shown in Figure 8, use of big particles bring scattering caused by the mismatch of the refractive index

about large visible light shielding and scattering light. It is hard between the NPs and the polymer. By contrast, highly

13103 DOI: 10.1021/acsami.8b02658
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dispersed melanin NPs have a small size and high accessible
surface areas in the polymer matrix and make it easy for short-
wavelength (UV light) to be absorbed and long-wavelength
(visible light) to pass (Figure 8).

The UV-shielding performance of films with different particle
sizes of melanin was further examined. RhB solution protected
with pure PC or PC/melanin nanocomposite films were
measured under the same conditions. As shown in Figure 9,

100 F

40 -

—s—PC

—o— PC/melanin (240 nm)
20 —a— pC/melanin (150 nm)
—v— PC/melanin (80 nm)
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" 1 "
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Figure 9. Photodegradation of RhB solution protected by PC and PC/
melanin nanocomposite films. The thickness of film is 100 + S ym.

after irradiation for 60 min, RhB under the protection of pure
PC shows a loss 80%, while the RhB solution protected by the
PC/melanin-240 nanocomposite film shows a decrease of 40%.
The photoprotective efficiency increases with the decreasing of
the size of melanin NPs. For RhB solution protected by PC/
melanin-5, only about 15% of solution degraded, demonstrating
outstanding UV-shielding efficiency.

To investigate the photostability of PC nanocomposite films,
attenuated total reflection (ATR)—FTIR were recorded. Figure
10a shows the ATR—FTIR spectra of PC and PC/melanin-15
nanocomposite film after UV irradiation with different times.
The change of the absorbance at 3800—3200 and 1900—1500
em™" during UV irradiation reflects the formation of hydro-
peroxides and alcohols and carbonyl photodegradation
compounds (such as ketones and carboxylic acid), respec-
tively.”””" As photodegradation proceeds, the hydroxyl and
carbonyl absorption bands broaden with the increasing
irradiation time for pure PC. By contrast, there is no change
at the carbonyl absorption for PC/melanin nanocomposite

even with 500 h irradiation, only a little higher absorption at
3350 cm™ (Figure 10b). Hence, it is obvious that melanin is
against the photodegradation. In PC the reasons, underlying
the degradation, has been ascribed to photo-fries rearrangement
and main-chain photo-oxidation. However, as a result, the
photodegradation with longer wavelengths (365 nm) can
mainly be due to photo-oxidation.”” Melanin NPs can dissipate
UV light via converting the absorbed energy into heat. On the
other hand, as a radical scavenger, it inhibits the creation of
reactive species or the sublimation of reaction products.

The degradation of layer surface of films was analyzed with
AFM. As can be seen in Figure 11, both pure PC and PC/

40 o N c0nm

Figure 11. AFM images of (aa’) pure PC and (b,b’) PC/melanin-15
(1 wt %) nanocomposite films before and after exposure to the UV
irradiation.

melanin nanocomposite films have a plain and smooth surface
before irradiation. As one immediately notices, UV irradiation
results in obvious changes, hill-like structures and pits appear in
the surface of the pure PC. This phenomenon is generally due
to the migration of low molecular weight products in the gas
phase and evaporation of products during photodegradation.

a
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(o

Absorbance (a.u.)
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Figure 10. ATR—FTIR absorption spectra of (a) pure PC with different times of UV irradiation (the inset a: selected area). (b) PC/melanin (15

nm)-1 wt % film before and after S00 h of UV irradiation.
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Comparing the pure PC, there is no systematic change in the
surface topology of PC nanocomposites after irradiation. This
result again strongly points to a very much improved
photostability of the nanocomposites.

B CONCLUSIONS

In summary, natural melanin and synthetic melanin NPs were
systematically investigated for its potential optical applications
in the polymer matrix. The influences of the melanin particle
size on the optical properties of the polymer nanocomposite
films were further studied. Interestingly, the significant short-
wavelength shielding and high visible light pass properties of
polymer nanocomposite were easy obtained via tuning the
melanin particle size. Decreasing the melanin particle size leads
to an increased UV-shielding and visible light transparency
properties. For a small particle, light scattering is significantly
reduced and thus the visible light transparency of the polymeric
material is retained. More importantly, adding only 1 wt %
melanin NPs with a size of 15 nm can endow the polymer with
significant photostability and performance. Therefore, melanin
will provide a novel method to fabricate optical polymer
materials.
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