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biomedical applications. Such materials can confer unique ./

funct.ion:q .propeﬂies as Well as addr‘ess concerns pertaining to . . . nanoparticles
sustainability in production. In this work, we propose the extracted from cuttlefish
biofabrication of micropatterned silk fibroin/eumelanin composite +

thin films to be used in electroactive and bioactive applications in 4 > _

. . . . . . L (< | Silkworm : :
bioelectronics and biomedical engineering. Eumelanin is the most | (ocoons oH = o
common form of melanin, naturally derived from the ink of O%Z Spin coating e r;’?ii-"

, O] 8 q CH & S r N
cuttlefish, .havmg .antlomdant an.d elgctroactu{e properties. Anot}}er 5 / e eg
natural biomaterial, the protein silk fibroin, is modified with o

X . i K Electroactive circuit-like
photoreactive chemical groups, which allows the formation of fibroin/eumelanin film
electroactive eumelanin thin films with different microstructures.

The silk fibroin/eumelanin composites are fabricated to obtain thin films as well as electroactive microstructures using UV curing.
Here, we report for the first time the preparation, characterization, and physical, electrochemical, and biological properties of these
natural silk fibroin/eumelanin composite films. Higher concentrations of eumelanin incorporated into the films exhibit a higher
charge storage capacity and good electroactivity even after 100 redox cycles. In addition, the microscale structure and the cellular
activity of the fibroin/eumelanin films are assessed for understanding of the biological properties of the composite. The developed
micropatterned fibroin/eumelanin films can be applied as natural electroactive substrates for bioapplications (e.g., bioelectronics,
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sensing, and theranostics) because of their biocompatible properties.
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1. INTRODUCTION

Electroactive biomaterials have potential for impact in tissue
engineering and biomedical applications owing to their
capability of delivering electrical signals to trigger cellular
activities.'" > The action potential of cell membranes is
regulated by electric currents ranging from — 90 to +30
mV.* Specific organs, such as the brain, skeletal muscle, and
heart, are well known for their electrically sensitive properties,
which incur either proliferation or differentiation of neuronal
cells, myoblasts, and cardiomyocytes, respectively.” Never-
theless, most of the researched electroactive biomaterials have
been limited to synthetic conducting polymers, for example,
poly[3,4-(ethylenedioxy)thiophene], polypyrrole, and polyani-
line.” Recently, naturally derived electroactive biomaterials
have been increasingly sought as alternatives to synthetic
polymers in tissue engineering and regenerative medicine. This
is mainly because several naturally derived biopolymers, as well
as their degradation byproducts, are less likely to be
immunogenic.”~

Melanin is a pigment synthesized by melanocytes of animals,
microorganisms, and plants or by using chemical processes in
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the laboratory.'”"" It exists in different forms, pheomelanin or

eumelanin, determining the color of the pigment—yellow to
red (pheomelanin) or brown to black (eumelanin). Among the
different forms, eumelanin is the most common type of
melanin, naturally found in dark hair or cuttlefish ink, among
others."” Natural melanin nanoparticles and synthetic melanin-
like nanomaterials have been suggested for biomedical
applications because of their ultraviolet protection, radical
scavenging, photothermal conversion, and biocompatibil-
ity."”*~" Their intrinsic and unique electroactive properties
have motivated their exploration as amorphous semiconduc-
tors'® providing use in sensing, imaging, and therelpeutics.l7_19
Among the kinds of naturally or artificially derived melanin
nanoparticles, natural eumelanin nanoparticles extracted from
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Figure 1. Schematic illustration of the process for silk fibroin/eumelanin composite formation and fabrication of cross-linked and micropatterned
fibroin/eumelanin films. Spin coating was used to form free-standing films of cross-linked silk fibroin/eumelanin, shown here with 28% eumelanin
to fibroin w/w (scale bar = 2 mm). Films are mechanically robust and flexible. Photolithography was used to fabricate the micropatterned

alignments of fibroin/eumelanin film (scale bar = 100 ym).

Sepia ink (Sepia officinalis) have attracted further interest
owing to their inherent biosafety.”””' In addition, their
antioxidant and electroactive properties have enabled eumela-
nin to be used for cardiac and skeletal muscle, neural tissue, or
even bone tissue engineering applications.”” > The combina-
tion of nanomaterials with microtechnologies to be used in
biomedical application has been emphasized.”*™>* In this
context, the creation of macroscopic materials using eumelanin
nanoparticles with tunable electro-optical properties is
proposed by blending with a natural (structural) polymer.

Silk fibroin is a major component protein of silkworm silk
extracted by a degumming process wherein the sticky glue
protein of the cocoon, namely, sericin is removed.”””? Silk
fibroin from wild silkworm species contains the arginine-
glycine-aspartic acid (RGD) sequences, which are well known
for cell attachment.*"** Conversely, silk fibroin from Bombyx.
mori silkworms does not contain RGD sequences. Importantly,
silk fibroin does not induce immunogenicity inside the body”"
and has a slow biodegradation rate in vivo." 334 Therefore, silk
fibroin-based biomaterials have been developed in the form of
hydrogels, films, or fibers and explored as tissue engineering
scaffolds in terms of cell proliferation, biofilm formation, pH-
responsive and tunable permeability, and biosensing.*"*>*° In
recent studies, photolithography was reported to fabricate
microstructured films using a silk fibroin modified with
photoreactive acrylate groups.””** This has the potential to
form precise patterns and architectures,”” which can provide
nano or microtopogre;phy for modulating cell behavior or
bioelectronic circuits.””** In this work, we fabricated photo-
tunable silk fibroin films incorporating monodispersed, high-
density eumelanin nanoparticles, as well as electroactive
microstructures via photolithography. The silk fibroin further
provides a support matrix for the physical and electrical
properties of eumelanin. We investigate the electrochemical
properties and cellular metabolic activities of the mechanically
robust, flexible, patterned composite films of silk fibroin
incorporating eumelanin nanoparticles. These electroactive
composite-based biomaterials have potential for various
different types of tissue engineering, bioelectronics, and
regenerative medicine applications.

2. MATERIALS AND METHODS

2.1. Extraction of Eumelanin Nanoparticles from the Ink
Sacs of S. officinalis. Eumelanin was obtained from the ink sacs of

common cuttlefish (S. officinalis), as previously reported.”® The ink
was removed from the sacs, washed with distilled water, stirred in 6 N
HCI (VWR, Belgium) for 24 h, and then centrifuged at 10,000 rpm
for 15 min. The supernatant was discarded, and a second wash in 1 N
HCI, water, and acetone was performed to eliminate any residues. The
black pellet was collected and was dispersed in ultrapure water before
the freeze-drying process.

2.2. Synthesis of Photoreactive Fibroin Protein. The silk
protein fibroin (from B. mori silkworm cocoons, Mulberry Farms,
USA) was converted into a photoactive form, named photofibroin,
using a previously developed method.’ Briefly, pure fibroin was
dissolved in 1 M LiCl/DMSO and reacted with 2-isocyanatoethyl
methacrylate in stoichiometric amounts for S h at 60 °C, while
maintaining inert conditions using a constant flow of nitrogen. The
reaction mixture was added to cold ethanol, and the methacrylated
fibroin protein was obtained as the precipitate. The product was
washed using a 1:1 ratio of cold ethanol and acetone followed by
centrifugation and lyophilization. Chemical and nanoscale character-
ization of this material was earlier reported in detail.>’

2.3. Tensile Test. Samples were prepared by affixing films on an
MTS 300 series tensile testing machine (MTS Systems Corporation,
Eden Prairie, MN) equipped with a SO N load cell. Measurements
were taken at a strain rate of 0.1 mm/s, and data were collected at a
rate of 10 Hz. Samples were 50 pm thick as studied in this work.

2.4. Fabrication of Nonpatterned Fibroin/Eumelanin Films.
2.4.1. Preparation of a Fibroin/Eumelanin Composite Solution. A
composite solution composed of silk fibroin and eumelanin was
prepared. Dry eumelanin powder (obtained from cuttlefish) was
dispersed in formic acid (FA) (Acros Organics, 98%) by ultra-
sonicating the mixture for 40 min, resulting in a 1% (w/v) dispersion
of eumelanin in FA. Photofibroin was mixed with the eumelanin
dispersion to form a composite solution (Figure 1). The films contain
only two components, that is, eumelanin and photofibroin because
the solvent FA evaporates. Hence, the concentration of photofibroin
is (100-concentration of eumelanin) %. Varying compositions with
12, 20, and 28% (w/w) eumelanin blended with photofibroin were
studied. A photoinitiator (2-hydroxy-4'-(2-hydroxyethoxy)-2-methyl-
propiophenone, Sigma-Aldrich) (2.5% (w/v) in the solution) was
added to the composite before use.

2.4.2. Fabrication of Fibroin/Eumelanin Films. Films were
fabricated by casting the composite solution of eumelanin and
photofibroin (12, 20, and 28% (w/w) eumelanin) with appropriate
amounts of photoinitiator, on clean glass slides (up to 1 X 1 inch).
The glass slides were cleaned thoroughly using deionized (DI) water
and ethanol prior to casting of the conductive prehydrogel composite
solution. The hydrogel was left to dry under ambient conditions (21
°C) for 30 min and cross-linked under a 365 nm UV lamp (Lumen
Dynamics OmniCure 1000 system) for 3 s at 20 mW cm™". The films
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were immersed in DI water for 24 h to delaminate the films from the
glass slides and to wash off the excess photoinitiator.

2.5. Fabrication of Fibroin/Eumelanin Composite Patterns.
2.5.1. Functionalization of Indium Tin Oxide (ITO)/Glass Slides.
ITO-coated glass slides (Delta Technologies, Loveland, CO) and
plain glass slides were first washed thoroughly with DI water and pure
ethanol. The washed ITO slides were further cleaned using RCA
cleaning solution (20:4:1 of H,0/H,0,/NH,OH). The plain glass
slides were cleaned using piranha solution (3:1 of H,S0,/H,0,).
Then, the ITO and plain glass slide surfaces were functionalized with
3-(trichlorosilyl) propyl methacrylate (TPM, Sigma-Aldrich) by
chemical vapor deposition in a desiccator for 12 h at 0.4 bar (100
uL of TPM) to obtain a self-assembled monolayer with pendant
acrylate groups on the surface. These groups form covalent bonds
with the methacrylate moieties present in the photofibroin when
exposed under UV light, thus chemically cross-linking the fibroin/
eumelanin composite to the ITO/glass slide surface.

2.5.2. Biofabrication of Composite Patterns. Micropatterns of the
fibroin/eumelanin composite were fabricated on TPM-treated glass
slides. The composite solution, 40 uL of 1% eumelanin dispersion in
FA and 3 mg of photofibroin, was spin-coated on the treated glass
slide (1000 rpm for 40 s) to obtain a thin layer. The layer was air-
dried for a few seconds before exposing it under 365 nm UV light for
1 s through a photomask. The patterns were developed in 1 M LiCl/
DMSO solution for 10 min followed by rigorous cleaning with DI
water. The design and complexity of the patterns were defined by the
design of the photolithographic mask. Patterns were fabricated on
TPM-treated ITO slides using the same procedure.

2.6. Scanning Electron Microscopy (SEM) Imaging. SEM
images of the fibroin/eumelanin composite patterned on TPM-
treated glass slides were obtained using a Hitachi SU-field emission-
scanning electron microscope to show the fidelity of the patterned
structures. The patterns were sputter-coated in a 20 A platinum
Denton vacuum cold sputtering system (Moorestown NJ). Optical
images were recorded using a Nikon Eclipse microscope. The
morphologies of the dry fibroin/eumelanin patterns were also
investigated using a high-resolution field emission scanning electron
microscope with a focused ion beam (AURIGA COMPACT, ZEISS).
Before analysis, the samples were sputtered with 1 nm of platinum.
Samples were analyzed with an acceleration voltage of 3 kV, and
different magnifications up to 5000X were used.

2.7. Atomic Force Microscopy (AFM). AFM was performed on
the dry fibroin/eumelanin composite patterned on TPM-treated glass
slides using an AFM Dimension Icon (Bruker, USA), operating in
PeakForce Tapping (ScanAsyst) in air. AFM cantilevers (ScanAsyst-
Air, Bruker) made of silicon nitride with a spring constant of 0.4 N/m
and a frequency of 70 kHz were used. The AFM surface images were
analyzed with NanoScope Analysis software (version 1.5).

2.8. Electrochemical Characterization. Cyclic voltammetry
(CV) and linear sweep voltammetry (LSV) were performed on the
fibroin/eumelanin electrodes with different eumelanin concentrations,
fabricated on TPM-treated glass slides. PBS buffer (0.1 M and 7.4
pH) was used as the electrolyte. A standard three-cell setup uses Ag/
AgCl and Pt electrodes as reference and counter electrodes,
respectively, while the fibroin/eumelanin composite on TPM-treated
glass slides was used as the working electrode. CV and LSV were
carried out on the samples using a Gamry Interface 1010E
Potentiostat (Gamry Instruments, Warminster, PA) at a scan rate of
100 mV/sec over a potential window of —1.0—1.6 V. The charge
storage capacity (CSC) of the samples was obtained from the area
under the CV using OriginPro (Origin Lab). The average CSC from
three samples from each eumelanin concentration is reported. The
impedance spectra of the electrodes were determined in a frequency
range of 107>—10° Hz with a S mV AC amplitude.

2.9. Cell Culture and Cytotoxicity Test. L929 mouse lung
fibroblasts (from the European Collection of Cell Cultures) were used
to perform a cytotoxicity test on fibroin/eumelanin composite films.
1929 fibroblasts were cultured with low glucose Dulbecco’s modified
Eagle’s medium (Sigma, USA), supplemented with 10% (v/v) fetal
bovine serum (Gibco, Invitrogen) and 1% (v/v) antibiotic-

antimycotic solution (Gibco, Invitrogen), and incubated at 37 °C in
a humidified tissue culture incubator with a 5% CO, atmosphere.
Cells were seeded at a density of 80,000 cells/cm? 25,000 cells/96-
well plate. After 24 h, eumelanin film extracts were added to the cell
culture. After 72 h, cell morphology was observed using an inverted
microscope (AxioVert Al FL LED, Zeiss). The cell metabolic activity
was evaluated through a colorimetric MTS assay (MTS reagent (3(4,
S-dimethylthiazol-2-yl)-2, S-diphenyltetrazolium bromide, Sigma).
The eumelanin film extracts were prepared by loading the films (6
cm?) containing 12, 20, and 28% eumelanin on 1 mL of fresh cell
culture medium and exposing them to stirring (180 rpm) and
temperature (37 °C) for 24 h. 10% dimethyl sulfoxide (DMSO) was
used as the positive control of cytotoxicity while cells maintained
under standard conditions acted as the negative control of
cytotoxicity.

2.10. Statistical Analysis. GraphPad software was used to
perform statistical analysis. Data were analyzed with the Shapiro—
Wilk normality test and then with the Kruskal-Wallis test with
Dunn’s multiple comparison post-test or one-way analysis of variance
(ANOVA) with Tukey's multiple comparison test. Results are
presented as mean =+ standard deviation (SD), and the significance
level between groups was set for *p < 0.05, **p < 0.01, and ***p <
0.001.

3. RESULTS AND DISCUSSION

3.1. Film Formation and Micropatterning Using the
Fibroin/Eumelanin Composite. The ability to form

1.
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wt% eumelanin in composite
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Figure 2. Tensile testing of the films of the fibroin/eumelanin
biocomposite as a function of the % of eumelanin in the film (w/w).
Note that the corresponding % of fibroin is 100-wt of eumelanin.

c

Figure 3. High-resolution micropatterning of the fibroin/eumelanin
composite. The composite solution was spin-coated on a glass
substrate to form various microscale patterns. Scale bar on all the
panels = 100 pm.

mechanically strong, flexible films and coatings, which are
stable in physiological environments using eumelanin, is crucial
for the realization of new electroactive applications. A number
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Figure 4. Physical properties of aligned micropatterns of the fibroin/eumelanin composite on glass slides were confirmed by SEM images (a—d)
and AFM analysis (e, f). The composite solution was spin-coated on a glass substrate to form the micropatterns. Patterns of fibroin/eumelanin
ranged from S0 to 60 ym (a, magnification = 50X). A single micropattern was magnified 1000X (b). The various shapes at the microscale were
formed by spin coating (c, magnification = 2500%). Eumelanin nanoparticles in the composite were observed at S000 x of magnification (d). AFM
image of the fibroin/eumelanin is measured with a scan size of 50 X SO um (e) showing the step heights (f).

Figure S. — High-resolution patterns of the fibroin/eumelanin
composite can be printed on flexible fibroin sheets resulting in (a)
micropatterned films that (b) can be rolled. Scale bar = 2 mm.

of strategies have been investigated over the years to obtain
device-quality eumelanin films. Solution processing techniques
using solvents such as DMSO, DMF, and aqueous ammonia
have been reported to obtain smooth eumelanin films."**'~*
Free-standing eumelanin films have also been reported by the

electrochemical oxidation of aqueous L-dopa solutions.**
Eumelanin nanoparticles have been used in combination
with natural polymers such as chitosan, carrageenan, and agar
to obtain films with enhanced mechanical and biochemical
properties.”> ™’ Indeed, a composite of synthetic melanin and
silk fibroin was reported for the fabrication of films, which was
previously employed as a tissue engineering matrix.”> However,
photopatternable composites of silk fibroin and natural
eumelanin have not been reported to date. The ability to
form photoreactive biocomposites of fibroin/eumelanin has
the potential to form precisely controlled and patterned
structures for electrically active tissue engineering.

A photoactive silk fibroin was previously used to realize
mechanically robust films as well as form high-resolution
micropatterns via a facile benchtop lithographic process.””** In
this work, the combination of eumelanin and the photofibroin
is aimed at enhancing the versatility of patterns while rendering
it compatible with photolithographic techniques. While
eumelanins are insoluble in most organic solvents, which
hinders their easy processing,’ 1% (w/v) dispersion of
eumelanin could be obtained in FA by ultrasonication. Thus,
a composite of the two materials could be formed, while
varying their relative concentrations. For instance, eumelanin
in the composite could be varied to almost 50% (w/w). This
corresponds to 50% photofibroin (w/w) as the solvent
evaporates during film formation. It may be noted that the
FA does not affect the mechanical properties or photo-
patternability of the composite solution in the time taken to
form the films. However, if left for a long period of time in
solution (~$ days), some discoloration in the solution is seen.

Free-standing films of varying thickness (typically ~50 pm,
measured and crosschecked using SEM imaging, optical
microscopy, and digital calipers) were formed by casting or
spin-coating the photofibroin/eumelanin composite on clean
glass slides followed by exposure to 365 nm UV light. The
resulting free-standing films are easily detached from the
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Figure 6. — Electrochemical characterization of the fibroin/eumelanin biocomposite on ITO substrates. (a) CV with varying % eumelanin (w/w)
in composite, (b) CSC of the composite over 1 week, (c) effect of redox cycles on the electroactivity of the fibroin/eumelanin composite using 28%
of eumelanin, and (d) Nyquist plots for the composite. PBS (0.1 M, 7.4 pH) was used as the electrolyte.

Table 1. Comparison of the Electrochemical Properties of
the Eumelanin Composites Reported Earlier in the
Literature

(64%
source of range scan rate
eumelanin system (V (mV/s) CSC ref
synthetic ~ eumelanin on —0.4 to S 2.8 63
carbon paper 0.4 mC/cm?
synthetic eumelanin on —0.35 to S 24 mAh/g 62
carbon paper 0.3
natural eumelanin+ —0.7 to 1 49.3 67
AgNW 0.3 mAh/g
natural eumelanin-Na —0.7 to 30.4 19
0.3 mAh/g

Table 2. Equivalent Circuit Model Fit of the EIS Data for
Varying Compositions of the Fibroin/Eumelanin
Composite

% eumelanin (w/w) R, () R, (MQ) CPEy (uF s* ) ag

12% 234.3 108.00 327 x 1076 0912
20% 153.9 46.98 3.34 x 107¢ 0.963
28% 254.6 23.05 1.41 x 107¢ 0.954

support on water immersion and are mechanically robust
(Figure 1). Tensile testing on the films showed that the
addition of eumelanin improves the strength of the fibroin
films (12% eumelanin: 28.4 + 10.2 MPa in comparison to 21.4
+ 5.9 MPa for fibroin films without any eumelanin) (Figure 2).
It may be noted that the values of tensile strength of
regenerated silk fibroin (rSF) are in the same order of the
values reported in the literature—a range of values has been
reported from 4 to 30 MPa, depending on the preparation and
measurement conditions.””" This comparison is to show that

films formed by cross-linking are slightly stronger than rSF.
However, the addition of more eumelanin causes the films to
become weaker (28% eumelanin: 12.1 + 1 MPa). Importantly,
even at this concentration, the films are very robust and can
easily be handled without breakage.

Patterns of fibroin/eumelanin on glass, ITO glass, or silicon
substrates were fabricated via photolithography (Figure 3).
The photoreactive fibroin in the composite behaves as a
“negative photoresist,” providing a stable and biocompatible
matrix for entrapping the eumelanin. The fibroin/eumelanin
composite solution was spin-coated on a TPM-functionalized
surface and photocross-linked through a photomask to form
microstructures. On exposure to UV light, the methacrylate
moieties from photofibroin in the composite form covalent
bonds with the pendant acrylate groups on the functionalized
surface. This chemical conjugation anchors the patterns onto
the substrate, thus forming high-fidelity structures that are
stable in various solvents. Patterns were developed in 1 M
LiCl/DMSO, whereby the un-cross-linked material dissolves in
the developing solution.

The surface morphology of the aligned silk fibroin/
eumelanin micropatterns (12% eumelanin) obtained by
masking fabrication after spin coating was evaluated by SEM
and AFM (Figure 4). The aligned micropatterns were
fabricated in 50—60 ym of diameter (Figure 4a). Moreover,
the surface of the fibroin/eumelanin composites showed
shapes at various microscales. The surfaces are typically
smooth at the micro- and macroscales as seen in Figure 3 and
the surface of the patterns (Figure S1). By observing the SEM
image at 5000x (Figure 4d), the film presented a rough
morphological structure made of aggregates of eumelanin
nanoparticles. The shape of eumelanin was spherical at the
nanoscale size. AFM was used to observe the nanoroughness of
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Figure 7. — Metabolic activity of L929 cells after 72 h of contact with fibroin/eumelanin film extracts. (a) L929 cell images were observed under
the microscope (scale bar = 200 ym). (b) Metabolic activity results show no cytotoxicity of fibroin/eumelanin films. Data are presented as mean +
S.D. One way-ANOVA followed by Dunnett’s multiple comparison test (in comparison to the negative control) was used to analyze data (*** p <

0.005).

the 12% eumelanin-containing fibroin films (Figure 4e). As
fabricated on the slide glass by the spin coating method, the
height of the well ranged from 400 to 800 nm (Figure 4f). The
surface roughness of the fibroin/eumelanin composite was R, =
633 nm and R, = 819 nm, indicating that it might have been
affected by eumelanin. Nanoroughness has been demonstrated
to improve neural cell adhesion on the surface of substrates
because of the increased contact area.”” Similarly, fibroin films
with covalently attached fibroin/eumelanin patterns can be
formed as seen in Figure S. This implies that fibroin/
eumelanin “circuits” can be formed on a variety of substrates
including fibroin.

3.2. Electrochemical Characterization of the Silk
Fibroin/Eumelanin Composite. Ever since the discovery
of eumelanin as a naturally occurring amorphous semi-
conductor, there has been interest in eumelanin-based organic
electronics,'®>® Numerous studies have been reported for
understanding the conduction mechanism of eumelanin along
with its unique physical structure and photoprotective or
antioxidant properties.””*"**7>° It is known that the hydration
state of eumelanin has a significant effect on its electrical
properties.””*® Various melanin-based devices, such as
sensors,”” ¢! energy storage devices,'”*>® and OECTS,64
have been reported. Most electrochemical studies have been
performed using melanin in ITO/glass and carbon paper or
silicon as the substrate. Initially, fibroin/eumelanin electrodes
were fabricated on functionalized ITO/glass. Electrochemical
characterization of the composite at different compositions was
performed using CV and electrochemical impedance spectros-
copy (EIS).

A scan was performed over —1.0 to 1.6 V at a scan rate of
100 mV/s with varying eumelanin concentrations (Figure 6a).
This range was selected as a standard wide potential window.
The electroactivity and electrochemical stabilities of the
eumelanin composites were characterized in terms of CSC.
The electroactivity of the composite increases with an increase
in the concentration of eumelanin (Figure 6b). The electrodes
with a 28% eumelanin (w/w) composite showed a CSC of

~0.3 mC/cm? This is comparable to the values reported in the
literature, where the CSC value of pure eumelanin was found
to be 1.8 to 2.8 mC/cm? which, in turn, is affected when
formed in a composite with other materials (Table 1).* The
stability of eumelanin on an ITO substrate is a major concern
while performing electrochemical experiments.” The presence
of fibroin in the composite chemically adhered the film onto
the ITO surface, which prevented the film from delaminating.
This increased the stability of the entire system. The 28%
eumelanin incorporated into the fibroin composite was able to
retain ~90% of its electroactivity even after 7 days of soaking
in PBS. Furthermore, the material was able to retain ~83% of
its electroactivity after 100 redox cycles (Figure 6c). Exemplary
characteristics for conjugated polymers in applications such as
neural interfaces have been previously covered in excellent
reviews. As eumelanin itself has been shown in nerve tissue
engineering,'**”%> these properties suggest that the fibroin/
eumelanin composite is a viable alternative to synthetic
conjugated polymers for various applications in bioelectronics.

EIS spectra of varying eumelanin concentrations in silk
fibroin/eumelanin composites were recorded. Figure 6d shows
the Nyquist plots of three different electrode compositions. A
simple Randles equivalent circuit with a parallel resistance and
a constant phase element connected in series with a resistance
was constructed. The values from the fitting are presented in
Table 2. The resistance of the solution is almost the same in
each case, which implies that the electrolyte imposes
comparable resistance. There is no significant change in the
double layer nonideal capacitance of the electrodes. There is a
clear decrease in the charge transfer resistance from 108 to
23.05 MQ upon increasing the concentration of the eumelanin
in the composite (Table 2), which indicates that the
electrochemical properties are modulated by the eumelanin.
The Bode plots for the composite at different eumelanin
concentrations (w/w) are provided in Figure S2 in the
Supporting Information.

3.3. Cytotoxicity Screening of Silk Fibroin/Eumelanin
Composite Extracts. The fibroin/eumelanin composite
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extracts were tested for cytotoxicity on L929 murine
fibroblasts. The morphology of the cells was not affected
after 72 h of incubation with the extracts (Figure 7a). The
cellular metabolic activity was also measured by the MTS assay
(Figure 7b). Cells incubated with the extracts have shown
good cell metabolic activity, which means that none of the
samples were cytotoxic. A slightly higher cell viability was
observed for fibroin/eumelanin composites compared to the
standard condition as the negative control of cytotoxicity. This
indicates that the biocomposite is biofriendly. From our results
of cell activity, the fibroin/eumelanin composites can be
considered as a promising biomaterial for tissue engineering
and different applications in biomedical fields. From earlier
work from our and other groups, the biodegradation of silk
fibroin (both rSF and photofibroin) was shown via hydrolytic
enzymatic action. Thus, composites of fibroin and eumelanin
are also expected to be degradable, which raises prospects for
their use in various regenerative medicine applications, where
there has been concern because of the nondegradability of the
electroactive component (e.g., nanocarbons, metals, conduct-

ing polymers, etc.).

4. CONCLUSIONS

In summary, we present a natural electroactive biocomposite
formed from silk fibroin (structural component) and
eumelanin (electroactive component). This fibroin/eumelanin
composite can be formed into films using the simple technique
of spin coating followed by UV cross-linking and also
patterned into microstructures via photolithography. The
mechanical properties and electroconductivity of the nano-
composite films were meaningfully enhanced with flexible
strength and microscale morphology. The films had a
roughness average size of 633 nm with CSC of ~0.3 mC/
cm®. In addition, the biocomposite was also confirmed as a
noncytotoxic material by cellular metabolic assessments. The
natural fibroin/eumelanin composite films with improved
mechanical properties and electroactivity could be used for
active biomedical applications (e.g., biosensing, theranostics,
and others).
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