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ABSTRACT: Natural melanins are biocompatible conductors with versatile
functionalities. Here, we report fabrication of multifunctional poly(vinyl
alcohol)/melanin nanocomposites by layer-by-layer (LBL) assembly using
melanin nanoparticles (MNPs) directly extracted from sepia officinalis inks.
The LBL assembly offers facile manipulation of nanotextures as well as nm-
thickness control of the macroscale film by varying solvent qualities. The time-
resolved absorption was monitored during the process and quantitatively studied
by fractal dimension and lacunarity analysis. The capability of nanoarchitecturing
provides confirmation of complete monolayer formation and leads to tunable
iridescent reflective colors of the MNP films. In addition, the MNP films have
durable electrochemical conductivities as evidenced by enhanced charge storage mmmsm glass substrate
capacities for 1000 cycles. Moreover, the MNP covered ITO (indium tin oxide) +PvA  @melanin
substrates significantly reduced secretion of inflammatory cytokines, TNF-q, by

raw 264.7 macrophage cells compared to bare ITO, by a factor of 5 and 1.8 with and without lipopolysaccharide endotoxins,
respectively. These results highlight the optoelectronic device-level tunability along with the anti-inflammatory biocompatibility
of the MNP LBL film. This combination of performance should make these films particularly interesting for bioelectronic device
applications such as electroceuticals, artificial bionic organs, biosensors, and implantable devices.

1. INTRODUCTION few tens of stacks of heterogeneous DHI-DHICA planar
oligomers.”' >’ These oligomer stacks are randomly aggregated
with the support of binding proteins in a nominally spherical
shape.">** The aggregation forces originate from secondary
intermolecular interactions including 7—7 stacking, hydrogen
bonding, and van der Waals forces, together providing extreme
stability of the melanin nanoparticles (MNPs). The fabrication
of MNP films has been reported by using solution drop

Biologically derived natural melanins are drawing attention for
possible applications in bioelectronics such as implantable
electrodes, interfaces for artificial organs, and biosensors due to
their versatile functionalities including intrinsic conductivity
and biocompatibility. Melanins are abundantly found in living
creatures such as humans, mammals, fish, and microorganisms.
Extracted melanins show intriguing physicochemical properties N R e 3031
such as radical scavenging,' antioxidation,” electronic-ionic castlng,. Spin .coe;‘;lgg, pressed P.ellets . packing, .
hybrid conductivities," '’ broadband light absorption,' ™" Polmerlc blendln.g,‘.’ » anc? spray depf)smon.. .Howe'ver, 1t
metal ion chelating,ls_lg and redox activities. Depending on is still apparently limited owing to the difficulties in scaling up
their molecular structures and functions, natural melanins are molecular-level functional structures tozzmacro—scale films with
found in several different forms including eumelanin, well-defined thickness and properties.” Most recently, films
pheomelanin, allomelanin, pyomelanin, and neuromelanin.'® using monodispersed synthetic polydopamine nanoparticles for
The isolation of melanin from sepia officinalis (common structural coloring were reported via evaporatggn driven
cuttlefish) inks yields nanospheres mainly consisting of 98% nanoparticle self-assembly on a vertical sul)éstrate and the
eumelanin, which is enzymatically synthesized from S,6- air/solution interface under static conditions.”” Direct polymer-

dihydroxyindole-2-carboxylic acid (DHICA) and $,6-dihydrox- izations on a substrate from melanin monomers including
yindole (DHI) in organisms.”® Although their exact molecular
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dopamine, L-dopa, DHI, and DHICA are also suggested as
another approach.””~*” However, these methods are critically
limited in achieving device-level assembly scale and coverage by
utilizing rather irregular natural melanin particles.”®*%*"*9~*

LBL assembly enables the fabrication of nm-thin films with
tailored structures, compositions, and functionalities by easy
and simple repeated depositions through intermolecular and
hydrophobic interactions between polymers, nanomaterials,
proteins, and viruses.”*™* Thus, the assembly method has been
widely used to fabricate highly stable, durable, and robust
nanocomposites films with various shapes of nanomaterials
including tubes,”*™>* platelets,'>**™>° and spheres.”® The
uniqueness of the LBL process is the general tunability of the
effective nanocomponent adsorption, leading to nearly perfect
two-dimensional superstructures of nanomaterials.”> However,
LBL assembly has not been previously exploited for organizing
natural MNPs because it is challenging to assemble meso- to
microscale spherical particles by molecular precision.””

In this study, natural MNP films were successfully fabricated
by the LBL process with poly(vinyl alcohol) (PVA). The LBL
adsorption of MNPs with PVA could be readily controlled by
the solvent qualities and the dipping conditions. We also
demonstrated that the structural colors were gradually
adjustable and that MNP stacks were precisely manipulated
during the LBL nanoarchitecturing. The MNP coating on an
ITO (indium tin oxide) electrode readily increased charge
storage capacity (CSC) compared to a bare ITO. The natural
MNP LBL films further showed significant anti-inflammatory
behaviors by raw 264.7 macrophage cell tests for secreting a
TNF-a cytokine.”® This versatile combination of optical,
electrical, and biological properties of the natural MNP LBL
composites provides a unique multifunctional material option
for biomedical applications such as bioorganic electronics,
implantable devices, electroceuticals, and artificial bionic
organs.

2. EXPERIMENTAL SECTION

2.1. Preparation of Dipping Solutions. Natural MNPs were
extracted from sepia officinalis (common cuttlefish) ink by washing
with deionized water (DIW) and centrifugation at 3500 rpm for 10
min. The supernatant was removed after each run, and the final pellet
was dried in a 60 °C oven overnight. Seventy-five milligrams of the
collected powder was dispersed in 15 mL of DIW (0.5 wt %) and
various cosolvents: 10 mL of DIW/S mL of ethyl alcohol (EtOH,
99.0%; Daejung), 10 mL of DI/S mL of methyl alcohol (MeOH,
99.0%; Daejung), 10 mL of DIW/S mL of dimethyl sulfoxide (DMSO,
99.5%; Daejung), and 10 mL of DIW-S mL of ammonia (NH;, 28—
30%, Samchun chemicals). Poly(vinyl alcohol) (PVA; Mowiol 56—98,
Aldrich) was dissolved in DIW (0.5 wt %) at 90 °C. All chemicals were
used as received unless otherwise noted. An ELS-Z2 particle size
analyzer (Otsuka) was utilized to measure the particle size and zeta-
potential of the MNPs in solvents. The shape of MNPs was observed
by scanning electron microscope (SEM; SU8010, Hitachi) and field-
emission transmission electron microscopy (FE-TEM; JEM-2100F,
Jeol).

2.2. LBL Assembly on Glass Substrate. Prior to LBL assembly
of MNP films, a glass substrate was cleaned with MeOH by sonication.
The substrate was first dipped in a PVA solution for 15 min, then
washed by spraying DIW, and dried under mild air flow. MNPs were
subsequently deposited onto the PVA-coated substrate after the
incubation in each MNP solution for 15 min, followed by the same
rinsing and drying procedures as described above. This dipping
process was repeated until desired numbers of bilayers (n) were
deposited. To monitor the effect of dipping time on the surface
coverage of MNPs, the glass substrates were dipped in the MNP-
dispersed aqueous solution at different time scales (3, 5,20, 40 s and 1,

1909

S, 10, 18, 20, 30 min). For deposition of bi- and trilayered MNP films,
the LBL bilayer deposition process was repeated for 30 and S0 times,
respectively.

2.3. Structural Characterization of MNP LBL Film. The degree
of MNP loading in LBL assembled films was determined by UV—vis
absorbance spectra in a Varian Cary 100 UV—vis spectrophotometer.
The morphologies of the LBL-assembled MNP films were examined
by SEM at a 15 kV accelerating voltage. To prevent electron charging,
Pt was sputtered on the samples for 180 s. The surface coverage was
calculated from image analysis of the SEM micrographs using Image]J
software by calculating ratio of the area occupied by adsorbed particles
on the substrate to the total area of substrate. The top-surface
topology of MNP films was analyzed by an n-tracer atomic force
microscope (AFM; NanoFocus Inc.). AFM images with a scan area of
S pm X 5 pum were obtained in tapping mode with a scanning rate of
0.4 Hz. The roughness of a MNP film was also measured from the
AFM images.

The mechanical properties of the MNP film (10 1) were measured
by nanoindentation technique (Nano indenter; G200, Keysight
Technologies). The diamond tip (XP Berkovich Tip, 30 ym in
length, and 20 nm in radius) was applied by S0 nm in depth, and the
modulus and the hardness were calculated in the range of 30—40 nm.

2.4. Fractal Dimension Analysis of MNP LBL Film. To briefly
explain the fractal dimension analysis, SEM images were converted
into binary images. The number of the neighbors connected to a
particular position, N, was counted at different box size, € (scaling
factor). The fractal dimension is then calculated using the equation
below by linear regression (least-squares) of log N(¢) and log é:

log N(e
D, = lim 128N
e~0 loge

where Dy is the fractal dimension.>’

2.5. Macroscale MNP LBL Film. To coat the MNP LBL film on a
macro-scale substrate, a 10 cm X 10 cm glass substrate was used. As
described, the substrate was alternately immersed in PVA (0.5 wt %)
and melanin (0.5 wt %) solutions for 10 min with rinsing and drying.

2.6. Electrochemical Property of MNP LBL Film. To evaluate
the electrochemical properties of the MNP LBL films, cyclic
voltammetry (CV) was performed on indium tine oxide ITO-coated
glass (ITO glass) substrate (1 cm X 2 cm) with a potentiostat
(Reference 600, Gamry Instruments). The ITO glass was used in this
experiment because it is a transparent and electrically conductive
substrate. For every five-bilayers (Sn) up to 20n, the CV data were
collected in phosphate buffer saline (PBS) solution at a scan rate of
100 mV for the scanning voltage ranges of —0.2 to 0.8 V. Ag/AgCl was
used as a reference electrode.

2.7. Cell Test by Raw 264.7 Cell and PC 12 Cell. Murine
macrophage cells, raw 264.7, were grown with the 1 cm X 1 cm sized
ITO samples on 24 well polystyrene plates. The cell culture media
were prepared by mixing DMEM, FBS 10%, and pen strep 1%. The
passage number and the concentration of seeded raw 264.7 cells in
each well were 24 and 2.6 X 10* cell/mL, respectively. The ITO
samples were prepared by forming seven bilayers of MNP LBL
coatings on ITO and by cleaning a bare ITO substrate. After seeding
the cells on the ITO samples, they were cultured in CO, incubator
(5% CO,, 36 °C) for 24 h. The amount of TNF-a was quantified by
TNF-a ELISA kit (KMC3011, Thermo Fisher Scientific Inc.) using
cultured supernatant media. After every standard procedure of the
ELISA kit, light absorbance at 450 nm wavelength was recorded using
a microplate reader (iMark, Bio-Rad Laboratories). A concentration
calibration curve of TNF-a was generated using 15.6—1000 pg/mL
standard solutions included in the kit. The calculated concentration of
TNF-a by the samples was averaged by repeated measurements from
at least three different cell culture wells. PC12 cells were grown on
MNP LBL coated, collagen coated, and bare polystyrene (PS)
substrates. The cell culture media were prepared by mixing RPMI, FBS
10%, and pen strep 1%. The passage number and the concentration of
seeded PC12 cells in each well were 23 and 1.0 X 10* cell/mL,
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respectively. They were cultured in CO, incubator (5% CO,, 36 °C)
for 6 days.

3. RESULTS AND DISCUSSION

3.1. Solvent Effects on MNP Dispersions during LBL
Assemblies. Nanostructures of an LBL assembled film are
governed by processing parameters such as dipping times,
qualities of solutions, substrates, and LBL components,
particularly, including surface charges, shapes, and sizes if
they are nanomaterials. While their shape is mostly spherical,
the size of MNPs dispersed in DIW was measured to be 142.4
+ 38.7 nm by particle size analyzer (Figure 1). The {-potentials
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Figure 1. Particle size analysis of MNPs dispersed in DIW. Inset shows
the TEM image of MNPs.

of MNPs in DIW, DIW-MeOH, DIW-NH,, DIW-EtOH, and
DIW-DMSO were —37.0 + 0.1, =182 + 0.5, —36.9 + 0.5,
—12.1 + 1.3, and —14.5 + 0.9 mV at 25 °C, respectively, as
summarized in Table 1. The large negative {-potential values of

Table 1. Zeta Potential Measurements of MNPs Dispersed in
Various Solvents

zeta potential (mV) pH
DIW —37.0 = 0.1 5.50
DIW-MeOH —182 + 0.5 5.30
DIW-NH, —369 + 0.5 12.33
DIW-EtOH —-12.1 £ 13 5.3§
DIW-DMSO —14.5 + 09 5.76

MNPs in DIW and DIW-NH; are indicative of thermodynamic
stability of charge stabilized MNPs, originating from repulsion
of electric double layer. Conversely, the {-potentials in DIW-
MeOH, DIW-EtOH, and DIW-DMSO imply that the surface
charges of MNPs were only partially activated. Thus, slight
precipitation over the course of several weeks was observed in
DIW-MeOH, DIW-EtOH, and DIW-DMSO, but in DIW and
DIW-NH,;. While different degrees of sedimentational forces
exist depending on solvent qualities and pHs, we assume that
rigorous dispersion process right before LBL assembly was at
least enough for comparing the adsorption efficiencies and LBL
morphologies.

The LBL assembly of MNP was performed on a glass
substrate by alternately dipping the substrate in the MNP
dispersions and the PVA solutions. Scheme 1 shows the
schematic process of the LBL assembly and their consequent
LBL adsorption patterns of MNPs by the covering PVA layer.
Because the size of melanin was much larger than the PVA layer
thickness, only MNP adsorption patterns are observed, as if no
binder is used at all. From previous observations,”’ PVA forms
extremely thin layers, roughly less than 1 nm although it may
vary with their molecular weights and layering conditions.
Thus, the MNP dominates the optical behavior as well as the
composition of the composite.

The adsorption pattern of MNPs also depends on the
solvents of MNP dispersions. The MNP adsorption behaviors
during LBL process were characterized by UV-—vis light
absorption spectra (Figure 2a—e). No characteristic peaks by
the MNP LBL films were observed as that of the MNP
solution. However, the MNP contents are readily distinguished
by overall light absorbance levels. For comparing the LBL
efficiencies, light absorbance at 300 nm by different MNP
solvents are plotted against the number of LBL layers as shown
in Figure 2f. Linear increments of absorbance during the
layering processes were commonly observed regardless of the
kind of solvent, which implies that the MNP stability was
adequate. The differences between solvents were the slopes of
light absorbance increments by repeating the dipping cycles.
The MNPs in DIW showed the fastest increment, which
implied that charge-transfer adsorption between MNPs and
PVA is quite efficient. Thus, higher charges on MNPs resulted
in faster adsorption on the noncharged PVA surface. For the
case of MNPs in DIW-NH,, however, cationic NH," caused
unnecessary charge-transfer competition with anionic MNPs

Scheme 1. Schematics of (a) Layer-by-Layer Assembly Processes and (b) Layering Patterns of [PVA/Melanin] LBL Films
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Figure 2. UV—vis light absorption spectra during MNP LBL assembly process. MNPs were dispersed in several different solvents such as (a) DIW,
(b) DIW-MeOH, (c) DIW-NH,, (d) DIW-EtOH, and (e) DIW-DMSO. (f) Light absorption increments at 300 nm were plotted by increasing
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Figure 3. SEM images of MNP LBL assemblies (5n) from different MNP dispersions in (a) DIW, (b) DIW-MeOH, (c) DIW-NH;, (d) DIW-EtOH,
and (e) DIW-DMSO. (f) Surface coverage comparison of these MNP LBL assemblies. (The logo is used with permission from Inha University.)

toward the neutral polar PVA surface. Thus, the high charge
activation on MNPs in this case was not effectively translated to
the effective MNP adsorption, unlike MNPs in DIW.

These adsorption increments were directly correlated to the
surface coverage of MNPs on PVA, not forming aggregated
MNPs. To further elucidate the MNP adsorption behavior, the
deposited MNP LBL films were scrutinized by SEM micro-
graphs. As shown in Figure 3, MNPs were uniformly deposited
on the substrate by the LBL assembly. As in the UV—vis light
absorbance comparison, the MNPs in DIW showed more
complete surface coverage than the other series. Explaining
these gradual variances requires an understanding of the
dynamic intermolecular forces between LBL components as
well as the solvent charge screening parameters. The attractive
forces involved in these LBL assemblies include charge transfer,
van der Waals, hydrogen bonding, and hydrophobic inter-
actions. While each interaction potential contributes to form
adsorbed layers, variances from the other may cause the
differences in adsorbed amounts in each layer. As higher (-
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potential can bring more effective charge transfer interactions
between MNP and PVA, the order of the MNP adsorbed
amounts roughly follows the magnitude of {-potential. The van
der Waals interaction also affects the LBL assembly differently
in solvents, while the effective van der Waals interactions
between MNPs and PVA after adsorption involve dielectric
constants in solvents.”’ The dielectric constants of DIW, NH,,
EtOH, MeOH, and DMSO at 20 °C are 804, 25, 24.5, 32.7,
and 47, respectively. Thus, similar {-potentials of MNPs in
DIW and DIW-NHj caused the differences in effective van der
Waals interactions. The surface coverage MNPs in DIW was
the highest among them. In addition, the difference of the
dielectric constants between EtOH and MeOH resulted in
higher coverage from MNPs in DIW-MeOH than those in
DIW-EtOH. Furthermore, protic solvents can mediate hydro-
gen bonds in adsorbed states more effectively than aprotic ones.
DMSO is polar aprotic, while MeOH and EtOH are polar
protic. Thus, hydrogen bonding interactions between PVA and
MNPs are severely disturbed by DMSO. For this reason, DIW-
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Figure 4. (a) Frequency of MNP aggregations whose MNP counts vary from 1 to 8, as a function of dipping time. (b) Fractal dimension and
lacunarity against dipping time for MNP LBL film. (c) Time-resolved monitoring of surface coverage and UV—vis absorbance at 300 nm wavelength

by varying LBL dipping time of the Sn layered LBL films.

DMSO shows the most insignificant growth in MNP
adsorption in LBL assemblies.

3.2. Kinetic Behaviors of MNP Adsorption during LBL
Assemblies. To investigate the kinetics of MNP adsorption
during LBL assembly at the early stages (Sn), the dipping time
in MNP solution was varied from 3, 5, 20, 40 s, and 1 min. The
amount of adsorbed MNPs increased as the dipping time
increased (SFigure 2). Initially, random absorption of individual
MNPs lead to large interparticle distances and most MNPs
were dispersed as single particles at 3 s of dipping, as shown in
SFigure 2a. A small portion of MNPs formed 2 or 3 particle
clusters even with 3 s dipping. The increased dipping time
gradually decreased the fraction of individual MNPs, while the
maximum particle number within the MNP cluster increased up
to 8 at 1 min of dipping. A histogram of the number of particles
within the MNP cluster is shown in SFigure 4a.

The adsorption pattern of MNPs was further quantitatively
evaluated by means of fractal dimension analysis, which can
represent the degree of complexity of the irregularly shaped
objects. A fractal dimension of unity indicates a one-
dimensional linear connectivity between objects, while
completely filled two-dimensional planar objects have fractal
dimension of two. As the LBL assembly of spherical MNPs
inherently leaves void regions and cannot reach surface
coverage of 2, fractal dimension between one and two is
expected for MNPs. Also, the fractal dimension fluctuated at
different locations and box size. This local distribution in
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complexity can be visualized by constructing color-coded visual
map of local connected fractal dimension.

The color-coded map demonstrates the increase in fractal
dimension as a function of the LBL dipping time. At early stage,
the dominant color-codes changed from red (Dy = 1.1-1.3) to
orange (Dp = 1.3—1.5) and then yellow (Dp = 1.5-1.7) as
dipping time increased. Finally, yellow and green (Dp = 1.7—
1.9) were the majority color-codes after 1 min of the dipping
time, indicating increased neighboring particles (SFigure 3). In
addition to the local connected fractal dimension, the mean
global fractal dimension was also quantified by a box counting
method (see Experimental Section) to define an averaged value
at each time mark. During the global fractal dimension
calculation, lacunarity (4, lacuna is gap in Latin) can be
determined, which is the measure of heterogeneity:

A= (Cv) = (2]
/]

where A is the lacunarity, CV is the coeflicient of variation, o is
the standard deviation, and y is the mean value.

Figure 4b shows the summarized global fractal dimension
and lacunarity of MNPs. At 3 s dipping time, the average fractal
dimension was measured to be 1.15. The increase in fractal
dimension against dipping time shows fast saturation and 1.68
of fractal dimension was calculated at 1 min of the dipping time.
In contrast to fractal dimension, lacunarity decreased as a
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function of dipping time, demonstrating random absorption
behaviors of MNPs without nonuniformly deposited areas.>
3.3. Morphology of MNP LBL Composite Layers. The
layered structure of MNP LBL film was also controlled by LBL
deposition cycles. Cross-sectional images of the MNP LBL
films were observed at every 10-bilayers (10n). The cross-
sectional coverage was calculated based on the triple-layered
stack coverage, which corresponded to the S0-bilayered (50n)
film (SFigure 4). Roughly, 10- and 25-bilayered films were
equivalent with mono- and double-layer coverage, respectively.
The cross-sectional SEM image revealed that the films were
pretty uniform with film thickness around 300 nm. Layered
structures were fully connected in the direction perpendicular
to the surface over the almost entire film as shown in SFigure 4.
If MNPs were fully stacked with hexagonal packing, the film
thickness would be 367.5 nm with the particles of 142.4 nm in
size. This deviation is attributed to nonhomogeneous particle
size distribution and random particle packing during the LBL
process. The morphology of the LBL films was examined by
SEM and AFM. The top-view SEM image (Figure Sa) shows
densely packed MNPs, which corroborated with the AFM
phase image as shown in Figure Sb. The observation that the
UV—vis absorbance of MNP films increased in every dipping
cycles indicates that the adsorbed amount of MNP continu-
ously increased up to SO cycles without any failure (Figure Sc).
Note that the growth rate of light absorbance was faster in the
initial 10 cycles (10n) than that in the later cycles (over 10n).
This rate change indicated that adsorption of MNPs on a
bumpy MNP layer was more difficult than that on the smooth
surface. Thus, the LBL of MNPs showed the higher adsorption
before forming uniform monolayers, with slower adsorption
after forming multiple stacked layers. In another sense, the
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inflection point of the slope indicates the completion of
forming MNP monolayer. This simple monitoring of the
completion of MNP monolayer formation as well as multiple
stacks is unique advantage in LBL assembly, which can not be
easily achieved by other techniques.

The roughness of our MNP film was calculated from AFM
measurements. The average roughness of the MNP LBL coated
film was 36.0 + 1.2 nm. Considering the average diameters of
MNPs to be 142.4 + 38.7 nm, the roughness of the coated film
is surprisingly small. This smoothness is the unique result of
molecular level assembly of the LBL process. Furthermore, this
several 10 s scale roughness is upon the ideal levels of cell
differentiation and proliferation, while a desirable level should
vary by depending on cell sizes and phenotypes.”®*

The mechanical properties of MNP film were also estimated
by nanoindentation measurement technique. The average
modulus and hardness are 5.3 + 3.4 GPa and 0.15 + 0.07
GPa, repectively (Table 2). The maxiumum and minumum of

Table 2. Mechanical Strength of MNP Film

modulus (GPa) hardness (GPa)

average 53 + 34 0.15 + 0.07
max 11.4 0.29
min 2.1 0.08

modulus and hardness are quite different from 11.4 and 0.29 to
2.1 and 0.08 GPa (5.4 times in modulus and 3.6 times in
hardness) depending on the tip positioning of nanoindenter.
Considering that the MNP is a spherical particle and the
roughness is around 36 nm, the contacted area of the tip will be
significantly different from the top to the edges of the melanin
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particle. Thus, the maximum values of this nanoindentation
result possibly indicate the mechanical properties of melanin
particle itself.

3.4. Iridescent Structural Colors of MNP LBL Films.
When melanin-containing nanostructures were examined in
reflected visible light, specific structural colors could be
observed with conjunction of brown melanin pigments. For
example, the iridescent colors of peacock feathers originate
from structural 1nterference of light through multistacked
brown melanin pigments.”* Here, the functions of melanin are
provision of photonic structures and absorption of the stray
light."” While photonic crystal structures from synthetic
monodispersed spheres have been introduced, biomimetic
structural colors with as-is natural melanin particles have not
been preferably demonstrated due to the lack of structural
controllability with rather irregular sized natural materials.

The iridescent structural colors have been successfully
observed from artificial natural MNP films here for the first
time by utilizing single particle-level structural tunability of the
LBL assemblies (Figure 6). The nonreflective color gradually
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Figure 6. Structural colors of MNP LBL films. (a) Angle-dependent
reflective colors of MNP LBL films and (b) reflective color changes
(non — purple — blue — green — yellow — red) with increasing
layering numbers. (c) MNP LBL film assembled (10n) on a macro-
scale (10 cm X 10 cm) glass substrate. (The logo is used with
permission from Inha University.)

changed from brown to dark brown with increasing LBL cycles.
Photo images of the MNP LBL films showed a wide range of
iridescent colors (purple, 8n; blue, 10n; green, 171 and 40n;
yellow, 21n; and red, 30n and 50n) with increasing bilayer
numbers as represented in Figure 6b. The reflective color was
distinctively changed from 8n to 30n representing from purple
to red, respectively, and this cycle was repeated after 30n. These
colors originated from the MNP nanostructures that interfere
with incident light. This structural coloration was clear and
homogeneous throughout the entire surface. In addition, the
MNP LBL film was uniformly fabricated on a macroscale glass
substrate (10 cm X 10 cm). This demonstration suggests that
the MNP LBL technique is easily extended to high throughput
device production levels. Thus, the LBL assembly of MNPs has
more flexible color controllability and larger uniformity in
structural reflectance colors than previously reported meth-
ods, 35364065

3.5. Electrochemical Performances of the MNP LBL
Film. The electrochemical activity of MNP LBL films was
investigated using cyclic voltammetry (CV). The LBL
deposition of MNPs up to 201 onto an ITO glass was further
confirmed by the linear increase of UV—vis absorbance
(SFigure Sb). The LBL films after every Sn were scanned by
CV between —0.2 and 0.8 V at a rate of 100 mV. As shown in
Figure 7, the charge storage capacity (CSC) grew from 0.69
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Figure 7. CV graphs of MNP LBL films assembled on ITO glasses.

UW for bare ITO to 1.07, 1.24, 1.23, and 1.28 yW for Sn, 10n,
15n, and 20n MNP LBL films, respectively. These increased
CSCs for the LBL films are attributed to the electronic-ionic
hybrid charge characteristic of MNPs that are closely related to
the free radical content of MNPs.®® The CSC value of the MNP
films reached a plateau after 10n LBL deposition. Effective
charge storage sites of the multiple stacked LBL films over 10n
were not significantly different from the complete monolayered
MNP films (10n) because active sites mostly exist on the
surface. Jonic penetration through multiple layered MNP stacks
seems not to be effective because dense particles as well as
numerous charge trapping sites at the MNPs deteriorate ionic
mobility throughout the films. Furthermore, electrical charge
transport through the thickness direction of the LBL stacks was
not very favorable due to insulating PVA layers between MNP
stacks.

For the electrochemical durability of the MNP LBL films, the
CVs of a bare ITO and the MNP LBL films were carried out for
1000 cycles between —0.2 and 0.8 V at a scan rate of 100 mV
(SFigure Sa). The UV—vis absorbance spectra of 20n MNP
films before and after 1000 cycles of CV scans showed no
apparent change, which indicates good stability of the MNP
LBL films during the electrochemical testing. Although the
CSCs of all the samples decreased after 1000 CV cycles, the
MNP LBL films maintained higher CSC values than the bare
ITO. Evidently, the MNP films are electrochemically more
stable than even an ITO film.

3.6. Anti-inflammatory Responses and Biocompati-
bility by the MNP Films. Naturally existing MNPs are known
to be biocompatible. However, the estimates of biocompati-
bility have been relatively qualitative, including evidence for cell
attachment as well as the development of neuronal
extensions.”**** Instead of estimating simple biocompatibility,
we investigated whether the MNP films could quantitatively
reduce inflammatory responses, which are thought to ultimately
cause failures in implanted biomedical devices. Utilizing murine
raw 264.7 macrophage cell lines, bare ITO and MNP LBL
coated ITO were compared by how much immune initiating
cytokine, TNF-a, was secreted. Because our melanin
composites can compete with an ITO electrode in optoelec-
tronic biodevice applications, the biocompatibility of ITOs as
well as electrochemical performances has been compared. The
quantified amounts of TNF-a produced by simply attaching the
conductive surfaces were 10.6 + 1.1 and 6.34 & 0.02 pg/mL for
the bare ITO and the MNP LBL coated ITO, respectively (see
Figure 8). With lipopolysaccharide (LPS) activations, the TNF-
a secretion became 528 + 79 and 109 + 9.98 pg/mL for the
bare ITO and the MNP LBL coated ITO, respectively. Overall,
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Figure 8. Concentration of TNF-a secreted by raw 264.7 cells on the ITO samples (a) without LPS and (b) with LPS. (a) bare ITO: 10.625 + 1.057
pg/mL and MNP LBL film on ITO: 6.338 + 0.019 pg/mL, (b) bare ITO with LPS: 528.216 + 78.936 pg/mL and MNP LBL film on ITO with LPS:

108.818 + 9.976 pg/mL.

the inflammatory cytokine secretion of a transparent ITO
electrode has been reduced by a factor of 1.8 and S by coating
MNP LBL films without and with LPS endotoxins, respectively.

PC 12 cells were also cultured on the MNP film and other
control substrates. In 6 days, MNP film shows good cell
attachment as well as PC12 neural differentiation compared to
a bare PS slide and a collagen coated PS slide (SFigure 6).
These results also suggest that the MNP films are not just safe
enough for providing PC 12 neural cell cultures but also
promotes the neural differentiation of PC 12 cells, which may
be attributed to the electrical conductivity and the ideal
roughness of the MNP LBL film. Not only biocompatibility,
but also anti-inflammatory performances by the MNP films on
ITO have been proved without much sacrificing transparency
and even with improving electrochemical performances of an
opto-electric ITO electrode.

4. CONCLUSIONS

We have introduced a new fabrication technique for creating
natural MNP nanocomposite thin films via LBL assembly with
PVA. The surface coverage, uniformity, and architectural
structures of MNPs between mono- and multiple-stacks could
be finely tuned by precisely controlling the MNP’s adsorption
behavior with varying dispersion media, dipping time, and
number of LBL cycles. Among various solvents, deionized
water yielded the most effective dispersion of the MNPs in
terms of adsorption amounts as well as the film uniformity.
Dipping time-resolved monitoring of MNP absorption process
was conducted and quantitatively examined by using fractal
dimension analysis. The rapid increase and saturation of fractal
dimension indicated the fast formation of clustering at the
monolayer level. Also, a decrease in lacunarity with dipping
time supports random adsorption characteristic of MNPs. Fifty
cycles of MNP LBL deposition resulted in densely packed
triple-layers of MNP stacks whose regular nanoarchitecture
produced structural iridescent reflective colors. The ability to
control the number of LBL dipping cycles offered precise
tunability of the iridescent colors over the entire visible light
range from purple to red. In addition, macro-scale MNP LBL
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film was successfully demonstrated on a 10 cm X 10 cm glass
substrate. The MNP LBL films also demonstrated excellent
electrochemical activity and durability, as confirmed by
extending CSCs at 1000 cycles of CV scan compared to a
bare ITO. In addition, the natural MNP LBL films have not
only biocompatibility, but also anti-inflammatory protective
performances on an abiotic ITO electrode. These biocompat-
ible conductive nanocomposite films therefore suggest a unique
optoelectronic materials option for the applications of bionic
electronics, neural interfaces, and implantable devices.
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