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ABSTRACT: Melanin is a group of heterogeneous polymeric
pigments that has been proposed to perform various biological
functions and is attracting increasing technological interest as a
sustainable electronic material for energy storage and bioelec-
tronics. Here, we prepared a semitransparent hydrogel film from a
soluble melanin obtained from the black soldier fly (Hermetia
illucens; BSF) and applied an operando spectroelectrochemical
approach to investigate the molecular-level changes that occur
when electrons are “flowing” through this melanin (i.e., while
electron transfer processes are “in operation”). Like other natural
and synthetic melanins, we observed that the BSF melanin has
reversible redox activities in the mid-physiological redox potential
range. We report that electron transfer can occur through an
indirect (mediator-based) mechanism and also through a direct mechanism involving an extrinsic electron exchange with conducting
graphene. In both mechanisms, we show that electron transfer is correlated to a reversible switching of the melanin’s redox state.
Finally, we provide evidence to support a chemical disorder model, which suggests that the properties of melanin may involve diverse
structural and mechanistic features that occur over various length scales. Overall, we show that operando spectroelectrochemical
measurements can bridge traditional bottom-up and top-down methods to facilitate the characterization of melanin.

1. INTRODUCTION
In biology, electron transfer reactions are integral to energy
harvesting, biosynthesis, immune defense, and signaling,1−7

and there has been increasing technological efforts to promote
electron exchange with biological systems for applications that
include biofuel cells, bioelectrosynthesis, biosensing, and
bioelectronics.8−17 Scheme 1a illustrates that one area of
particular recent interest involves the mechanisms for the
export of electrons from microorganisms. It is well-established
that electron export from cells can occur by an indirect
mechanism of electron transfer (ET) in which electrons (i.e.,
reducing equivalents) are transported by diffusible metabolic
products (e.g., hydrogen and formate in methanogenesis or
sulfur in anaerobic methane oxidation)18,19 or redox-active
electron shuttles (e.g., flavins, humic substance, phenazine, and
anthraquinone disulfonate).10,20,21 Recent studies are also
revealing a direct ET mechanism,20,22−25 which involves the
production of specialized cell-produced proteins (e.g.,
extracellular cytochromes and cell appendages pili).18,19,25,26

While describing ET as direct or indirect is helpful, it cannot
always capture the complexity associated with electron “flow”
through biomolecular systems. One example is the natural
pigment, melanin, which confers diverse biological functions

that result from its electronic properties (e.g., photo and
antioxidant protection and metal binding).27,28 In fact,
melanin’s electronic properties have attracted attention for
decades as a potential sustainable natural candidate for solar
energy conversion,29,30 electrochemical energy storage,29,31−37

and bioelectronics.38,39 While electron flow through melanin is
not yet fully understood, two mechanisms have been proposed.
McGinness et al.40 first reported the reversible electrical
switching properties of eumelanin and suggested this material
to be a naturally occurring amorphous organic semiconductor.
Another mechanism proposed by Meredith and co-workers is
that eumelanin possesses a hydration-dependent mixed ionic−
electronic conductivity.41−43 These authors demonstrated that
the adsorption of water causes the generation of extrinsic free
radicals and hydronium ions following a comproportionation
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reaction between hydroquinone and quinone, thereby inducing
hybrid ionic−electronic behavior.42,44−48 Interestingly, both
mechanisms suggest that the ET in melanin is associated with
the π-conjugated structure of melanin and dynamic changes
between a reduced state and an oxidized state of melanin.
Thus, the ability of melanin to switch redox states may be
important not only for its conductivity in technology but also
for its biological functions.49−51

Traditionally, the characterization of complex biomolecular
systems starts by resolving the molecular structure and then
relates structural features to functional properties. This
bottom-up approach has been less successful for understanding
the complex electronic properties of melanin. In fact, a
“chemical disorder model” was proposed that explains the
melanin’s broad and featureless absorption spectrum in terms
of a heterogeneous mix of structural subunits.52,53 Even
bottom-up synthetic studies starting from well-defined
precursors have yielded diverse chemically complex mela-
nins,54−57 leading to the suggestion illustrated in Scheme 1b
that chemical disorder can include the monomer type; the
oligomer size and structure; the electronic (i.e., redox) states;
and the supramolecular organization. An alternative, top-down,
experimental approach focuses on functional properties (e.g.,
metal binding,32,58−60 optoelectronic61,62 and energy stor-
age32,63,64). In the short term, a focus on function (vs chemical
structure) is more directly linked to applications. In the long
term, complementary top-down and bottom-up approaches
should facilitate the mapping of the molecular structure to
functional properties.
Recently, a variety of experimental methods have been

developed that partially bridge bottom-up chemical analysis
and top-down functional analysis for electronic materials.
Specifically, these “operando” methods aim to reveal
structure−activity relationships by simultaneously observing
molecular-level changes (e.g., using spectroscopic and imaging
techniques) while ET processes are occurring (i.e., while the
material is “in operation”).65−68 In technology, operando
approaches are being used to understand reaction mechanisms,
reveal mechanisms of materials degradation, and guide the
development of new materials for improved device perform-

ance.66−68 Operando approaches are also being used in studies
with biological systems69,70 such as the elucidation of the
enzymatic redox reaction mechanisms.71

Here, we used an operando approach illustrated in Scheme
1c to simultaneously monitor the molecular-level changes that
occur when electrons are “flowing” through melanin. For these
studies, we used a soluble natural melanin extracted from the
cuticle of the black soldier fly (Hermetia illucens; BSF).54,72

This BSF melanin is synthesized during insect sclerotization
(i.e., hardening), and thus, its biological source and function
are different from melanosome-generated melanins. Further,
this BSF melanin is obtained from invertebrate biomass
followed by the demineralization using acid treatment and the
deproteination using a strong base treatment,72 which may
alter its native structure.73 Because of its solubility, it was
possible to prepare a partially transparent hydrogel film with
BSF melanin and to perform operando analysis by probing this
film’s electronic properties while simultaneously observing
changes in redox-state-dependent spectral properties. Despite
being a relatively simple naturally derived material, the BSF
melanin retains the complex structural and functional proper-
ties that are characteristic of melanin. Using the terminology
from microbiology, Scheme 1d shows that we used diffusible
mediators to characterize indirect ET, and we used graphene to
“wire” the BSF melanin to the electrode to investigate direct
ET. We demonstrate that BSF melanin is reversibly redox
active and that ET through either direct or indirect ET
mechanisms is associated with a switching of the BSF
melanin’s redox state. We also provide evidence consistent
with a heterogeneous population of redox-active melanin
species.

2. METHODS
2.1. Chemicals and Materials. The following materials

were purchased from Sigma-Aldrich (St. Louis, MO): chitosan
(85% deacetylated), Ru(NH3)6Cl6 (Ru3+), and catechol.
Ferrocene dimethanol (Fc) was purchased from Alfa
Chemistry (Ronkonkoma, NY). Graphene (N002-PDR) was
purchased from Angstron Materials (Dayton, OH). Black
soldier fly (Hermetia illucens; BSF) melanin powder was

Scheme 1. (a) ET Mechanisms Used by Microorganisms to Export Electrons; Indirect ET Is Mediated by Diffusible Shuttles
and Direct ET Involves Specialized Cell Appendages (e.g., Pili). (b) Melanin’s Chemical Disorder Can Occur over Varying
Length Scales. (c) Overview of Operando Spectroelectrochemical Measurements. (d) Suggested ET Mechanism for Melanin:
Mediator-Based Indirect ET and Graphene-Based Direct ET
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supplied by Insectta (Pte. Ltd., Singapore).54,72 BSF melanin
solution was prepared by dissolving BSF melanin into 0.1 M
phosphate buffer solution (pH 7.0) and then passing the
melanin solution through a 0.2 μm filter to remove insoluble
particulates. Chitosan solution (1%, pH ∼5.5) was prepared by
dissolving chitosan flakes in deionized water, and the pH was
adjusted using 2 M HCl. The solutions of the mediator were
prepared in phosphate buffer (0.1 M; pH 7.0). Deionized
water (>18 MΩ) was obtained from the Super-Q water system
(Millipore). A transparent gold electrode was purchased from
Metrohm (Riverview, FL) and was used for a spectroelec-
trochemical experiment. A standard gold electrode was
purchased from CH Instruments (Austin, TX) and was used
for the electrochemical characterization.
2.2. Preparation of Various Film-Coated Electrodes.

2.2.1. Preparation of Chitosan or Graphene−Chitosan Film-
Coated Electrodes. A thin-film-coated electrode was prepared
by dropping 100 μL of a chitosan solution (1 w/v%) or a
mixed solution of chitosan (1%) and graphene (0.5 w/v%, low
content) on a transparent gold electrode (r = 0.2 cm) and then
applying the constant current density (0.5 mA·cm−2) for 1.5
min using a chronopotentiometry technique. A thin-film-
coated electrode was used for the spectroelectrochemical,
SEM, and FT-IR measurement.

A thick-film-coated electrode was prepared by immersing a
standard gold electrode (r = 0.1 cm) into either a chitosan
solution (1%) or a mixed solution of chitosan (1%) and
graphene (1%, high content) and imposing a constant current
density of 0.5 mA·cm−2 for a comparatively longer time (3
min) using a chronopotentiometry technique. A thick-film-
coated electrode was used for the electrochemical character-
ization.

2.2.2. Chemical Grafting of Melanin or Electrochemical
Grafting of Catechol. For the preparation of melanin−
chitosan (Mel-Chit) or melanin−graphene−chitosan (Mel-Gr-
Chit) coated electrodes, the Chit or Gr-Chit film-coated
electrode was placed into 2.5 or 10 mg/mL melanin dissolved
in phosphate buffer solution (0.1 M, pH 7.0) and incubated for
30 min, as shown in Figure 1a. After that, the resulting
electrode was washed with excess water and immersed into
buffer solution overnight to remove the excess melanin
physically bound to the electrode. For the electrochemical
grafting of catechol, the Chit or Gr-Chit hydrogel-coated
electrode was placed into 10 mM catechol solution (0.1 M
phosphate buffer, pH 7.0) and then a constant potential (0.6 V
vs Ag/AgCl) was applied to reach a qFab of 0.16 C·cm−2, as
shown in Figure 1a. Then, the Cat-grafted hydrogel-coated
electrode was washed with excess water to remove the
physically bound catechol.

Figure 1. Melanin−chitosan hydrogel preparation and material characterization. (a) Preparation of the BSF melanin−chitosan hydrogel (Mel-
Chit)-coated electrode showing (i) electrodeposition of chitosan hydrogel, (ii) chemical grafting of BSF melanin, and (iii) electrochemical grafting
of catechol into the chitosan-coated electrode. (b) SEM images, (c) UV−vis spectra, and (d) FT-IR spectra for the film-coated electrodes.
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2.3. Electrochemical Measurement. A thick hydrogel
film was electrodeposited on a standard gold electrode, and
cyclic voltammetry measurements were made using a three-
electrode system with Ag/AgCl as a reference electrode and Pt
wire as a counter electrode. As described in Figure 2a, all three
electrodes were placed into an electrochemical cell containing
the phosphate buffer solution (0.1 M, pH 7.0) without or with
mediators of 0.1 mM Fc and 0.1 mM Ru3+. Air was excluded
by purging N2 during the experiment.
2.4. Operando Measurement. Transparent gold electro-

des coated with thin electrodeposited hydrogel films were
placed into a cuvette that was filled with the phosphate buffer
solution (0.1 M, pH 7.0) without or with mediators of 0.2 mM
Fc and 0.2 mM Ru3+. A platinum wire was used as a counter
electrode and Ag/AgCl was used as a reference electrode. All
three electrodes were connected to an electrochemical
analyzer. Air was excluded by purging N2 during the
experiment (note: Figure S1 of the Supporting Information
shows the picture of the spectroelectrochemical system). The
optical absorbance was monitored over time with a UV−vis
spectrophotometer (AvaSpec-ULS2048, Pine Research). The
optical absorbance data was used after the data processing of
an adjacent averaging. Simultaneously, the optical (absorb-
ance) and electrochemical (current) output responses were
individually recorded over time.
2.5. Instrumentation. 2.5.1. Electrochemical Analysis.

For the electrodeposition of Chit or Gr-Chit hydrogels, a
constant current density was applied by performing chro-
nopotentiometry using a CHI6273C electrochemical analyzer
(CH Instruments). A multichannel electrochemical analyzer
(CHI1040C, CH Instruments) was used for the electro-
chemical characterization. An electrochemical analyzer
(CHI620E, CH Instruments) was used for a spectroelec-
trochemical measurement (i.e., operando measurement).
2.5.2. Material Characterization. For the structural

characterization, the samples were prepared by freeze-drying
the hydrogel-coated transparent electrode. The images of
hydrogel samples were obtained using a scanning electron
microscope (SEM, SU-70, Hitachi, Pleasanton, CA). Chemical

characterization was performed using Fourier transform
infrared spectroscopy (FT-IR, VERTEX 70 FT-IR, Bruker).

3. RESULTS
3.1. Material Characterization. Figure 1a shows the

method used to coat an electrode with a chitosan-based
hydrogel film containing BSF melanin (Mel-Chit). First, a thin
chitosan hydrogel (Chit) is electrodeposited from a chitosan
solution (1%; pH 5.5) onto a transparent gold electrode by
applying a constant cathodic current (0.5 mA/cm2; 1.5
min).74−76 Next, a phosphate-buffered solution (0.1 M; pH
7) containing soluble BSF melanin (either 2.5 mg or 10 mg/
mL; 100 μL) was dropped onto the chitosan-coated electrode
and incubated for 30 min in the air. After incubation, the Mel-
Chit-coated electrode is washed extensively with water and
placed into the buffered solution overnight to remove the
physically entrapped melanin from the chitosan hydrogel. For
comparison, we also prepared a control hydrogel containing
catechol and chitosan (Cat-Chit) by first cathodically
depositing chitosan and then anodically grafting catechol, as
shown in Figure 1a. The putative linkages in Figure 1a suggest
that Michael-type addition and Schiff base reactions are
responsible for coupling catechol and melanin to the amine
group of chitosan hydrogel.77−79

To characterize the microstructure of these hydrogel
electrode coatings, we used scanning electron microscopy
(SEM). The SEM images in Figure 1b show that the Chit-
coated electrode has a featureless flat microstructure, while the
Cat-Chit- and Mel-Chit-coated electrodes show a rough
morphology with 200−500 nm pores. The pore structure of
Cat-Chit and Mel-Chit hydrogels may be due to the chemical
grafting of catechols and melanins to the chitosan hydrogel.
For chemical characterization of these three hydrogels, we

used UV−vis and FT-IR spectroscopies. Figure 1c shows the
UV−vis spectra and photographs for the electrodes coated
with the three hydrogels. The Chit-coated electrode was clear
and showed very low absorbance, while both the Cat-Chit- and
Mel-Chit-coated electrodes were brown-colored and showed a
broad absorption over the whole range of wavelengths

Figure 2. Electrochemical characterization of indirect ET in Mel-Chit. (a) Schematic of the electrochemical experimental system using a thicker-
film-coated standard gold electrode. (b) Cyclic voltammograms (CVs) of Chit-, Mel-Chit-, and Cat-Chit-coated standard electrodes measured in
0.1 M phosphate buffer (pH 7.0) at a scan rate of 100 mV/s. (c) CVs of the three film-coated electrodes measured in the presence of mediators
(0.1 mM Fc, 0.1 mM Ru3+, 100 mV/s). (d) Effect of melanin content on the reductive charge by the indirect ET pathway.
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consistent with melanin-like materials.27,80 As expected for a
true melanin, the spectrum for the Mel-Chit hydrogel film
appears almost featureless, which likely arises from a high
degree of heterogeneity of the structural moieties and possibly
variable oxidation states of these moieties.81 The absorption
peak around 400 nm observed in the spectrum of the Cat-Chit
film can be attributed to quinonoid species (e.g., amino-
quinones or quinonimines), as illustrated in Figure 1a.82,83

These results suggest that the grafted melanin and catechol
may have similarly complex, but somewhat different, chemical
structures. The FT-IR spectra in Figure 1d show that both the
Cat-Chit and Mel-Chit hydrogels (compared to the Chit
hydrogel) show some attenuation of band 1 (−OH and −NH
stretching vibrations) and band 3 (C−O stretching vibrations)
and no attenuation of band 2 (C=C stretching vibration of
benzene), which provides support for some catecholic-based
modification of chitosan.28,84

3.2. Electrochemical Characterization for ET Mecha-
nisms. 3.2.1. Indirect ET in Mel-Chit. We employed
electrochemical methods to characterize the ET mechanisms
for BSF melanin. For initial electrochemical characterization, a
thicker Mel-Chit-coated electrode was prepared by depositing
chitosan hydrogel onto a nontransparent, standard gold
electrode for a longer time (3 min) using a constant current
density of 0.5 mA/cm2 and then reacting with melanin solution
for 30 min. In addition, thicker Chit- and Cat-Chit-coated
electrodes were prepared as negative and positive controls,
respectively.
First, to check the possibility of a direct ET between melanin

and the electrode (illustrated in the schematic of Figure 2b), a
Mel-Chit-coated standard gold electrode was placed in a
phosphate-buffered solution (0.1 M, pH 7.0) and cyclic
voltammetry (CV) measurements were performed. The
electrochemical experimental system is shown in a schematic
of Figure 2a. The CV results in Figure 2b for the Mel-Chit-
coated electrode and the Chit-coated electrode are very similar,
while the CV results for the Cat-Chit-coated electrode show
very small redox peaks (reduction at −0.3 V and oxidation at
+0.25 V). These results indicate that the Mel-Chit film is
nonconducting and that melanin species grafted within the
thick hydrogel film do not directly exchange electrons with the
electrode (note that the Cat-Chit control hydrogel also
possesses minimal conducting properties).
Next, CV experiments were performed, while the hydrogel

film-coated electrodes were immersed in a solution containing
two mediators of 0.1 mM Ru(NH3)6Cl3 (Ru3+) and 0.1 mM
ferrocene dimethanol (Fc). A schematic of Figure 2c illustrates
that these mediators can diffuse through the hydrogel films85

and undergo thermodynamically controlled indirect ET
mechanisms with melanin: Ru3+ mediates the transfer of
electrons from the electrode to melanin, and Fc mediates the
transfer of electrons from melanin to the electrode. The CV
results in Figure 2c show that the Mel-Chit hydrogel shares
three features with the Cat-Chit hydrogel (the positive
control). First, current peaks are observed at the mediator’s
redox potentials: mediators act as voltage gates that allow
electron flow to/from the melanin. Second, the Fc-oxidation
and Ru3+-reduction peaks are amplified (compared to the
negative Chit-film control): these amplifications result from
the oxidative redox cycling of Fc and reductive redox cycling of
Ru3+. Third, the mediator currents are rectified: Fc-oxidation
(but not Fc+-reduction) is amplified, and Ru3+-reduction (but
not Ru2+-oxidation) is amplified. This rectification, amplifica-

tion, and gating of currents are characteristic features that
indicate that although the Mel-Chit hydrogel is not
conducting, the BSF melanin within the hydrogel is redox
active and can undergo indirect ET with the diffusible
mediators.78,86 We should note that the observed quantitative
differences (i.e., differences in peak currents) in the CVs for
Cat-Chit and Mel-Chit hydrogel films may reflect differences
in the numbers of redox-active moieties present in the two
films.
To further support the conclusion that BSF melanin is redox

active, we prepared Mel-Chit-coated electrodes using two
different concentrations (2.5 or 10 mg/mL melanin) and
performed a CV experiment in the presence of both mediators.
For quantification of redox activity, the reduction charge
(QRed) was calculated by integrating the reduction current over
time, as shown in Figure 2d. The bar graph in Figure 2d shows
that the reduction charge of Mel-Chit in the presence of
mediators increases as more melanin is grafted to the chitosan
hydrogel.
In summary, the results in Figure 2 indicate that the BSF

melanin is redox active and can undergo indirect ET with these
mediators, which is consistent with measurements from natural
eumelanin from Sepia, DHN fungal melanin, and melanins
from human hair.87−89

3.2.2. Direct ET and Indirect ET in Mel-Gr-Chit. Previously,
we observed that when graphene was incorporated into a Cat-
Chit hydrogel, it allowed direct ET between the electrode and
the grafted catechol moieties (without the use of mediators).90

We next tested whether graphene could “wire” the hydrogel-
grafted BSF melanin for direct ET. Figure 3a shows the
method for electrodepositing a thinner graphene−chitosan
hydrogel film (Gr-Chit) on the transparent electrode by
dropping a chitosan solution (1%, w/v) mixed with graphene
(0.5%, w/v) onto the electrode and applying a constant
cathodic current (0.5 mA/cm2) for 1.5 min. After that, we used
the same methods shown in Figure 1a to create film-coated
electrodes with grafted BSF melanin (Mel-Gr-Chit) and
grafted catechol (Cat-Gr-Chit).
Figure 3b compares the SEM images of the Gr-Chit-, Cat-

Gr-Chit-, and Mel-Gr-Chit-coated electrodes. Compared to
the SEM image in Figure 1b for the Chit hydrogel that lacked
graphene, three SEM images of Figure 3b show the uniformly
distributed and crumpled graphene flakes. However, there is no
significant change in the SEM images of Mel-Gr-Chit and Cat-
Gr-Chit compared to Gr-Chit hydrogels. The SEM image of
Figure 3b indicates that the microstructure of graphene is
maintained even after catechol or melanin grafting onto
chitosan.90

We first investigated the role of graphene on the direct ET
with BSF melanin, as shown in the schematic of Figure 3c. For
this, a thicker Gr-Chit hydrogel film-coated electrode was
prepared by placing a standard gold electrode into a chitosan
solution (1%, w/v) mixed with higher graphene (1%, w/v) and
applying a constant cathodic current (0.5 mA/cm2) for 3 min
(longer time). The results from CV experiments using these
electrodes are shown in Figure 3c, and the shapes of the CV
curves suggest that both the Mel-Gr-Chit and Cat-Gr-Chit
films confer ET activities that are not observed for the control
Gr-Chit film, which shows a flat rectangular-shaped current
response. This result is consistent with the conclusion that
graphene enables direct ET between the grafted BSF melanin
and the electrode. Another interesting finding is that the Cat-
Gr-Chit shows two pairs of redox peaks, while the Mel-Gr-Chit
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shows a broad redox peak, which could be the result of
multiple overlapping redox peaks. This broad “featureless” CV
peak is consistent with a chemical disorder explanation that the
BSF melanin may have multiple redox-active moieties that
participate in ET.91 Thus, while we use the Cat-Chit and Cat-
Gr-Chit films as positive controls to compare with the Mel-
Chit and Mel-Gr-Chit films, the results indicate that there are
qualitative differences in response characteristics that likely

reflect a more complex structure and chemistry for the
melanin.
Next, we investigated ET when the Mel-Gr-Chit film was

tested in the presence of mediators. Based on previous
finding,90 we hypothesize that the composite Mel-Gr-Chit film
has two functional populations of BSF melanin: one
population is wired to graphene to allow direct ET (as
illustrated by the scheme in Figure 3c), and the second
population is physically separated from graphene and can only
participate in indirect ET with mediators (as illustrated by the
scheme in Figure 3d). The CVs of Figure 3d show that both
the Mel-Gr-Chit and the control Cat-Gr-Chit show the
characteristic features of indirect and mediator-based ET
(gating, amplification, and rectification). It is important to note
the difference in the y-axis scales for the CVs in Figure 3c,d,
and this difference indicates that while some of the BSF
melanin can be wired by graphene for direct ET (red dotted
line in Figure 3d), most of the grafted BSF melanin can only
participate in indirect (mediated) ET.
Using the same quantitative approach, as illustrated in

Figure 2c, we compared the relative amount of direct and
indirect ET for the Mel-Gr-Chit hydrogel. Figure 3e shows that
as more BSF melanin is grafted into the Gr-Chit hydrogel,
more electrons can be transferred through both direct and
indirect ET mechanisms.

3.2.3. Dynamic Electrochemical Characterization. The
above results indicate that BSF melanin that is grafted into a
chitosan film can participate in indirect ET with diffusible
mediators, while some of the BSF melanin can be wired by
graphene to enable direct ET. To provide further support for
these two ET mechanisms, we used a dynamic electrochemical
technique in which CV measurements are made at different
scan rates (ν). The first set of CV curves in Figure 4a examined
direct ET and showed the responses when the Mel-Gr-Chit
film was measured without mediators. The second set of CV
curves examined indirect ET and showed the responses when
the Mel-Gr-Chit was measured in the presence of mediators
(0.1 mM Fc, 0.1 mM Ru3+). As expected, these CVs show that
the redox peak current increases with scan rate [note: Figure
S2 of the Supporting Information provides the additional CVs
of Mel-Chit, Cat-Chit, Cat-Gr-Chit, and Mel-Gr-Chit in the
absence and presence of mediators at different scan rates].
To quantify these dynamic responses, we plot the reduction

peak current (Ip,red) as a function of scan rate (ν) using
logarithmic scales.92−95 As observed in Figure 4b, such plots
are expected to be linear and this power-law dependence is
often characterized by the slope and exponent (b).96−98 For
electrochemical analysis, b approaches 1 for surface-controlled
electrochemical processes (e.g., direct ET) and 0.5 for
diffusion-controlled processes (e.g., indirect ET).94,95,97 The
table in Figure 4b shows that in the absence of mediators, the
exponent for the Mel-Gr-Chit (b = 0.85) and Cat-Gr-Chit (b =
0.88) suggests a direct ET mechanism. In the absence of
graphene (direct ET is not possible) but presence of
mediators, the exponent for the Mel-Chit (b = 0.49) and
Cat-Chit (b = 0.46) suggests a diffusion-based indirect ET
mechanism. Intermediate exponent values were observed when
films were prepared with graphene and measured using
mediators, which suggests that both direct and indirect ET
mechanisms are occurring.
The conclusions from these electrochemical measurements

are that BSF melanin is redox active, can participate in indirect

Figure 3. Electrochemical characterization of direct and indirect ET
in Mel-Gr-Chit. (a) Electrodeposition process of a thin graphene−
chitosan hydrogel (Gr-Chit) on the transparent electrode. (b) SEM
images for thin graphene−chitosan (Gr-Chit), catechol−graphene−
chitosan (Cat-Gr-Chit), and melanin−graphene (Mel-Gr-Chit) film-
coated electrodes. (c) CVs of three thick-film-coated standard
electrodes measured in the phosphate buffer (100 mV/s) without
mediators. (d) CVs of three thick-film-coated standard electrodes
measured in the presence of mediators (0.1 mM Fc, 0.1 mM Ru3+,
100 mV/s). (e) Effect of melanin content on the reductive charge by
both direct and indirect ET pathways.
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mediator-based ET, and can, in some cases, be wired by
graphene to allow direct ET.
3.3. Operando Measurement. We next performed

operando spectroelectrochemical measurements using the
experimental system illustrated in Figure 5a that simulta-
neously observes spectral changes associated with redox-state
switching while ET is occurring. We used a specially designed
spectroelectrochemical system that allows N2 gas purging to
our cuvette to remove the oxygen during the experiment. Our
electrodes in this system are a thin-film-coated transparent
gold working electrode, a Ag/AgCl reference electrode, and a
platinum counter electrode.
For operando measurements, we typically impose an

oscillating electrical input potential and monitor both the
electrical output (i.e., current) associated with electron flow
to/from the melanin and changes in optical spectrum
associated redox-state switching of the BSF melanin. Figure
5b shows a three-dimensional plot obtained from these
operando measurements and illustrates a constant λ slice and
a constant E slice. As will be discussed, this three-dimensional
plot shows the emergence of a broad absorption peak near 570
nm when the imposed potential is cycled into oxidative
regions.

3.3.1. Constant λ Slice: Redox Switching. 3.3.1.1. Direct
ET with Molecular Switching. In the first operando study, we
investigated direct ET and analyzed data from a constant λ
slice. For this, we prepared a thin (∼5 μm), partially
transparent Gr-Chit hydrogel film on the transparent gold
electrode, as illustrated in Figure 3a. After that, 100 μL of
melanin solution (2.5 mg/mL) was dropped on the Gr-Chit-
coated electrode and was reacted for 30 min. For the
spectroelectrochemical measurement, this thin-film-coated
electrode was immersed in a cuvette containing phosphate
buffer (PB; 0.1 M, pH 7.0), the cuvette was then placed into
the instrument, and an oscillating potential input was applied
to the electrode.
Figure 6a compares the time-series electrical and optical

outputs for the Mel-Gr-Chit film to those for the negative
control Gr-Chit film (shown in gray-dotted) [note: Figure S3
of the Supporting Information shows the time-series outputs
for the positive control film, Cat-Gr-Chit]. The first output
curve in Figure 6a is the electrical current. The Mel-Gr-Chit
shows ∼2-fold larger oscillating current amplitude (ΔIMel‑Gr‑Chit
= 7.8 ± 0.45 μA) compared to the Gr-Chit (ΔIGr‑Chit = 3.6 ±
0.17 μA). A second electrical output is the charge, which is
calculated by integrating the current output over time (Q = ∫
i·dt). The Mel-Gr-Chit shows that the output charge oscillates
with a larger amplitude (ΔQMel‑Gr‑Chit = 0.81 ± 0.013 mC)
compared to that for the control Gr-Chit film (ΔQGr‑Chit = 0.41
± 0.042 mC). The higher electrical outputs of Mel-Gr-Chit (vs
Gr-Chit) indicate that more electrons can be directly
transferred to the Mel-Gr-Chit via graphene.
The third output in Figure 6a is the optical absorbance

change at 570 nm. To generate a baseline for these optical
measurements, we first poised each of these films (Gr-Chit or
Mel-Gr-Chit) in their reduced state by imposing a reducing
voltage (−0.5 V vs Ag/AgCl) for 2 min and measuring their
UV−vis spectra. The UV−vis spectrum of the reduced state of
Mel-Chit was used as the baseline. The absorbance in Figure
6a records the differential absorbance at 570 nm (A 570)
relative to the baseline [note: the y-axis for absorbance is
inverted to facilitate comparison with electrical output].99

While the control Gr-Chit shows no oscillations in the
absorbance output (ΔAGr‑Chit; ∼0), the Mel-Gr-Chit shows a
repeated oscillating absorbance output (ΔAMel‑Gr‑Chit; 0.0094 ±
0.0006). The dotted vertical lines in Figure 6a show that the
maximum charge (Qmax, reductive Q) occurs at the same time
as the minimum absorbance (Amin, a putative reduced catechol
state), and the minimum charge (Qmin, oxidative Q) occurs at
the same time as the maximum absorbance (Amax, the putative
oxidized quinone state). The correlation of these oscillating
output responses provides direct evidence that ET through
graphene is coupled to the redox-state switching of BSF
melanin, as illustrated in the schematic of Figure 6b [note: this
schematic suggests a catechol−quinone redox couple].
To further illustrate the correlation between electrical and

optical outputs, we replotted the time-series data in Figure 6a
as phase-plane plots, which display output responses vs input
potential [note: the y-axis for absorbance is again inverted to
facilitate visual comparison]. Figure 6c shows the phase-plane
plots for electrical charge and optical absorbance. The blue-
shaded region of Figure 6c illustrates that under reductive
conditions, the increase in electrical charge (illustrated as blue
curve 1) indicates that electrons are being transferred from the
electrode to the melanin, and the change in optical absorbance
at 570 nm (green curve 1) indicates that the melanin’s redox

Figure 4. Dynamic electrochemical characterization. (a) CVs of the
thicker Mel-Gr-Chit-coated standard electrode measured in the buffer
solution without (upper plot) or with mediators (lower plot) by
varying scan rate from 5 to 200 mV/s. (b) Dynamic analysis of peak
current changes as a function of scan rate with table listing calculated
b values.
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state is being switched (to presumptive catechol moieties).
Under oxidative conditions highlighted in red, Figure 6c
indicates that electrons flow in the opposite direction from the

melanin to the electrode (blue curve 2), and the change in
optical absorbance (green curve 2) indicates that as electrons
flow out of the film, the redox state of the melanin is switched

Figure 5. Description of operando measurement. (a) Schematic illustration of the operando spectroelectrochemical system to simultaneously
measure the electrical and spectral responses during direct and indirect ET with melanin. (b) Three-dimensional plot showing optical absorbance
as a function of the wavelength and time while a cyclic input potential was imposed to the underlying electrode.

Figure 6. Direct ET and molecular switching in Mel-Gr-Chit. (a) Time-series input−output curves from operando measurements in buffered
solutions without mediators using a cyclic potential (2 mV/s) imposed to the electrode coated with a 2.5 mg Mel-Gr-Chit film. (b) Schematic
illustrating the electron flow and molecular switching during direct ET to melanin. (c) Phase-plane plots showing electrical charge and optical
absorbance responses to the imposed input potential. (d) Phase-plane plots of the first derivatives of charge (i.e., current) and absorbance as a
function of imposed input potential (the asterisk indicates that absorbance scales are inverted to facilitate comparison).
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back (to presumptive quinone moieties). Importantly, the
similarities in the shapes of the phase-plane plots in Figure 6c
indicate a strong correlation between the independently
measured electrical activities and molecular state changes.
Figure 6d shows additional phase-plane plots using the first

derivative of the electrical and optical output signals.99,100 The
first derivative of the electrical charge is the current, which is
the rate that electrons are being transferred to/from melanin,
while the first derivative of absorbance indicates the rate of
redox-state switching of the melanin. These first-derivative
phase-plane plots in Figure 6d show similar features between
the electrical and optical outputs, which further supports the
correlation between the electron flow to/from the film and the
molecular switching for BSF melanin.
In summary, the operando constant λ slice results of Figure

6 indicate that electrons can be directly transferred via
graphene to the BSF melanin and this direct ET results in a
switching of the BSF melanin’s redox state.
3.3.1.2. Indirect ET with Molecular Switching. To

investigate indirect ET, we prepared a Mel-Chit-coated
electrode and immersed it in a cuvette containing a solution
with two mediators (0.2 mM Fc and 0.2 mM Ru3+) and
imposed an oscillating input potential (Figure 7a). As
schematically illustrated in Figure 7b, these two mediators
sequentially exchange electrons with the melanin: Ru3+
undergoes reductive redox cycling that shuttles electrons
from the electrode to the melanin, and Fc undergoes oxidative

redox cycling that shuttles electrons from the melanin to the
electrode. Figure 7a displays the electrical and optical output
responses with respect to time. As observed in Figure 7a, Mel-
Chit shows an amplification in currents (ΔIMel‑Chit = ∼11.06 ±
0.04 μA), which is 5-fold larger than the negative control Chit
(ΔIChit = ∼2.66 ± 0.04 μA). Similarly, Figure 7a shows a 2-fold
amplification of electrical charge (Q) for Mel-Chit (ΔQMel‑Chit
= 0.78 ± 0.012 mC) vs Chit (ΔQChit = 0.37 ± 0.005 mC)
[note: Figure S4 of the Supporting Information shows the
time-series outputs for the positive control film, Cat-Chit].
The last plot of Figure 7a shows a large oscillating output

absorbance at 570 nm (A570) for the Mel-Chit film, while very
small oscillations are apparent for the negative control film
(Chit). The vertical lines of Figure 7a indicate that oscillating
Q and A570 are nearly in-phase: Qmax (reductive Q) appears at
the same time as Amin (reduced), while Qmin (oxidative Q)
occurs at approximately the same time as Amax (oxidized). This
result indicates that indirect (i.e., mediator-based) ET is
correlated to the redox-state switching of the BSF melanin.
Figure 7c shows the phase-plane plots for the electrical

charge (Q) and optical absorbance (A570) outputs as a
function of the imposed potential (note the larger y-axis values
in Figure 7c compared to Figure 6c). Figure 7d shows the
phase-plane plots of the current and the first derivative of the
absorbance. Both phase-plane plots show the consistency of
electrical and optical outputs.

Figure 7. Indirect ET and molecular switching in Mel-Chit. (a) Time-series input−output curves from operando measurements in buffered
solutions with mediators using a cyclic potential (2 mV/s) imposed to the electrode coated with a 2.5 mg Mel-Chit film. (b) Schematic illustrating
the electron flow and molecular switching during indirect ET to melanin. (c) Phase-plane plots showing electrical charge and optical absorbance
responses to the imposed input potential. (d) Phase-plane plots of the first derivatives of charge (i.e., current) and absorbance as a function of
imposed input potential (the asterisk indicates that absorbance scales are inverted to facilitate comparison).
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Additionally, we performed multicycle studies to demon-
strate the repeatability of this redox-state switching for both
ET pathways. Figure S5 of the Supporting Information shows
that both the electrical and optical outputs repeatedly
oscillated over the 9 cycles tested without a significant decay
in output amplitude for Mel-Gr-Chit films in the presence or
absence of mediators. These results indicate that the switching
of the redox-active sites of BSF melanin (presumably switching
between oxidized quinone and reduced catechol moieties) is
reversible for both direct and indirect ET pathways.

In summary, the operando analysis of a constant λ slice
indicates that an indirect (mediator-based) ET mechanism also
results in a switching of the BSF melanin’s redox state.

3.3.2. Constant E Slice: Redox-Dependent Spectral
Changes. Figure 8a shows an operando 3D plot of a single
CV potential cycle for a 10 mg Mel-Chit film measured in the
presence of mediators. In this 3D plot, the constant λ slices
focus on changes at a single wavelength to discern direct and
indirect ET mechanisms, whereas constant E slices allow the
observation of changes in the absorption spectra during redox-
state switching. Figure 8b shows the operando UV−vis spectra

Figure 8. Constant E slice analysis showing redox-dependent spectral changes. (a) Schematic illustrating how redox-state-dependent spectral
changes are revealed for a 10 mg Mel-Chit film that is being switched by an indirect ET mechanism. (b) Operando UV−vis spectra as a function of
the imposed potential during one potential cycle (5 mV/s). The oxidation potential region (red shaded) shows a higher absorption than the
reduction potential region (blue shaded). (c) Comparison of operando UV−vis contour maps for 2.5 and 10 mg Mel-Chit recorded during a
cyclically oscillating imposed potential. The left plot shows the corresponding input potential and electrical output (charge). (d) Redox differential
spectra of 2.5 and 10 mg Mel-Chit compared with Cat-Chit, showing that the change in spectral features depends on the amount of melanin and
presumably its associated chemical disorder.
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of the redox switching process of Mel-Chit during a single CV
cycle. As mentioned before, a spectral baseline was generated
by initially poising the Mel-Chit in its reduced state by
applying the reduction potential (−0.5 V) for 2 min and
collecting the spectrum. During the CV measurement, the
potential was scanned from 0 to 0.5 V (oxidation region; red),
and the UV−vis spectra show the absorption increase between
500 and 600 nm. It indicates that Fc-oxidative redox cycling
results in switching the melanin to the oxidized state. And
when the scanning direction of the potential is reversed (0 to
−0.5 V; reduction region; blue), the absorption gradually
decreased to the baseline as melanin is converted to its reduced
state by the Ru2+ redox-cycling reaction. Overall, Figure 8b
shows that the change in UV−vis absorbance upon melanin’s
redox-state switching is observed over a broad wavelength
range.
Figure 8c shows the operando UV−vis contour maps of two

Mel-Chit films measured during the redox-state switching. The

UV−vis contour map for the 2.5 mg Mel-Chit film shows that
the absorption change occurs over a narrow range of
wavelengths compared to the 10 mg Mel-Chit film [note:
Figure S6 of the Supporting Information provides the UV−vis
contour map of the positive control Cat-Chit film, which also
shows the narrow absorption change in the lower wavelength].
As expected, both plots show that the highest absorbance (red
area in the contour maps) occurs at the most oxidative Q
(minimum Q as shown in the left plot of the contour map). To
facilitate comparison, we generated a redox differential
absorbance by subtracting the spectra at the reduced state
(“blue dotted line”) from the spectra at the oxidized state (“red
dotted line”). Figure 8d shows the redox differential spectra of
2.5 and 10 mg Mel-Chit compared with Cat-Chit. One
observation is that the redox differential spectra of both Mel-
Chit films is red-shifted compared to that for the Cat-Chit film:
this suggests that the oligomer subunits participating in the
redox switching of melanin feature a more extended π-electron

Figure 9. Dynamic operando analysis showing frequency-dependent spectroelectrochemical responses. (a) Schematic illustrating how the scan rate
(or frequency) affects the distance that the mediators can penetrate into the film and exchange electrons with the grafted melanin. (b) Comparison
of the dynamic electrical response (charge, Q) and optical response (redox differential spectra) for 2.5 and 10 mg Mel-Chit as a function of scan
rate (from 5 to 200 mV/s). The arrows in the plots show how the peak shifts with scan rate.
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system and may include a more diverse set of substituents
compared to that of the Cat-Chit film.28,52,101 A second
observation is that the redox differential spectra of 10 mg Mel-
Chit are broader than that of 2.5 mg Mel-Chit: possibly, the
reactions associated with preparing the more concentrated
Mel-Chit film increase the film’s chemical disorder.56,102 These
results suggest that the chemical complexity of melanin is
greater than that of the Cat-Chit and this complexity may
depend on film preparation and increase with the amount of
grafted melanin.
3.3.3. Dynamic Spectral Changes. In a final study, we

performed dynamic operando analysis with Mel-Chit-coated
electrodes in the presence of two mediators. The rationale for
such dynamic analysis is that depending on the frequency used
for probing, dynamic analysis can detect differences when
phenomena occur at differing characteristic times. As
illustrated in Figure 9a, probing at a low scan rate allows
mediators to penetrate further from the electrode into the film
to undergo indirect ET with a larger population of melanin
species (compared to probing at a high scan rate). If the
melanin sample being probed has significant particulate nature
(e.g., Sepia melanin), then probing at high scan rates may limit
mediator access to redox sites on the external surface, while
probing at low scan rates may allow mediators time to
penetrate deeper into the particle to access internal redox-
active moieties.88 Finally, if the melanin is composed of a
mixture of redox-active species, then probing at high scan rates
may preferentially engage melanin’s most reactive redox sites.
The plots in the first column of Figure 9b show the dynamic

electrical responses for measurements with 2.5 and 10 mg Mel-
Chit films. To compare plots at the same bases, we normalized
the x-axis in terms of a fractional cycle time. As expected from
the scheme in Figure 9a, the peaks in reductive charge (Q)
decrease with increasing scan rate since the diffusion distance
for the mediators decreases with scan rate. Also, as expected,
the position (or imposed voltage) of the peaks in Q does not
change with scan rate since these peaks reflect the reduction of
the Ru3+ mediator.
The second column of Figure 9b compares the dynamic

responses of the redox differential spectra for 2.5 and 10 mg
Mel-Chit [note: Figure S7 of the Supporting Information
provides the dynamic operando results for the positive control,
Cat-Chit]. There are three observations from this comparison.
First, as observed in Figure 8d, Figure 9b shows that the redox
differential spectra for the 10 mg Mel-Chit film have a broader
peak compared to that for the 2.5 mg Mel-Chit, and this
broadened peak may be due to greater chemical disorder for
films prepared with higher melanin contents. Second, the redox
differential absorbance for both films decreases with increasing
scan rate consistent with a decrease in the mediator’s ability to
diffuse further into the film to exchange electrons with more
melanin. Finally, the variation in the shapes of the redox
differential spectra with scan rate is markedly different between
two Mel-Chit films. The 2.5 mg Mel-Chit film shows a peak
absorption at 560 nm, and this position does not change with
scan rate. In contrast, the 10 mg Mel-Chit film shows that the
wavelength for peak absorption is shifted to lower wavelengths
(blue-shifted) with increasing scan rates. This change in the
peak position with scan rate is consistent with an explanation
that different redox-active species may be undergoing ET and
redox-state switching at different scan rates. While this
evidence is not definitive, it is consistent with a chemical
disorder model.

4. DISCUSSION
In this study, we investigated the electronic properties of the
BSF melanin using an operando approach. This approach was
possible because the BSF melanin is soluble and could be
prepared in a semitransparent film that allowed simultaneous
electrochemical and spectral measurements. In initial electro-
chemical measurements, we observed that the BSF melanin is
reversibly redox active and can be repeatedly oxidized and
reduced, and the BSF melanin has redox activities in the mid-
physiological redox potential range. These results are similar to
those observed for various melanins derived from Sepia, fungi,
and humans.87−89,103

The first conclusion from our measurements is that BSF
melanin can exchange electrons through both direct and
indirect ET mechanisms. Previous studies demonstrated that
various natural and synthetic melanins can exchange electrons
with the electrode through mediator-based indirect ET
mechanisms.87−89,103 Here, we demonstrated that BSF melanin
can be “wired” by graphene for direct ET. We believe that the
direct ET between graphene and BSF melanin likely involves
an extrinsic ET mechanism involving exchange between π-
electrons of graphene and melanin.
The second conclusion is that ET through either a direct or

indirect mechanism involves a change in the redox state of the
BSF melanin. It is not surprising that a mediator-based indirect
ET mechanism can result in a change in the redox state of
melanin moieties. However, the redox-state switching observed
during direct ET indicates that the electrons transferred from
graphene to melanin do not necessarily continue “flowing”
through the melanin but can be stored in a relatively stable
redox state (depicted as a reduced catechol state). This
observed redox-capacitor activity of melanin supports the
hypothesis that the electrical properties of melanin are related
to the redox chemistry of the constituent moieties of
melanin.27,28,42

As illustrated in Scheme 1b, a chemical disorder model has
been proposed to explain the broad featureless UV−vis
absorbance of melanin. There are three observations from
our current study that support such a chemical disorder model:
(i) the “featureless” shape of the CV curve of Mel-Chit (vs
Cat-Chit) in Figure 3c suggests that direct ET to BSF melanin
involves multiple redox-active moieties with overlapping redox
potentials; (ii) the broadening of the redox differential
absorbance in Figure 8c suggests that the structure and/or
interactions between moieties become more complex when
films are prepared with a higher content of BSF melanin; and
(iii) the frequency-dependent UV−vis spectra observed in
Figure 9b suggest that the BSF melanin may have redox-active
moieties that can be switched under slightly different
conditions. This disorder and complexity illustrate the
challenge of understanding melanin solely through bottom-
up chemical characterization methods. We believe that
operando methods can provide a deeper understanding of
the structure−activity relationship of natural melanins and
various melanin-like materials104−106 by detecting the struc-
tural changes that occur during electron flow.

5. CONCLUSIONS
We demonstrated that operando spectroelectrochemical
measurements that combine UV−vis spectroscopy and electro-
chemistry are a powerful method to investigate the dynamic
molecular changes associated with electron flow in BSF
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melanin. The electrical output of the operando measurements
showed that melanin could exchange electrons with electrodes
via the graphene-based direct ET and mediator-based indirect
ET. At the same time, the optical output showed that the
electron flow of melanin through both ET pathways is
accompanied by dynamic molecular changes in the oxidized
and reduced states of melanin. Furthermore, these measure-
ments support a chemical disorder model, which suggests that
melanin’s optical and electrical properties are affected by
molecular complexities and interactions that occur over
multiple length scales. Overall, we believe that operando
methods provide a useful approach for characterizing melanins
as they bridge traditional bottom-up chemical characterization
approaches with top-down functional characterization.
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