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Abstract
In the framework of the Circular Economy this study provides a detailed analysis of water-based
suspensions of two biopolymers derived by sustainable processes: eumelanin from insect
farming and keratin from chicken feathers. The latter material was obtained via two different
extraction procedures. Colloidal-like suspensions were produced in water either as a single
component system or a mixture of both in selected ratios, taking advantage of their high
solubility. The suspensions were examined using a comprehensive set of chemical, structural
and dielectric techniques to gather information on their properties. Small-Angle x-ray Scattering
results provided insights into the elemental polymer sections within the suspension, while
Transmission Electron Microscopy images indicate that keratin is the component driving the
shape of the aggregation structure in a colloidal environment, and, in some cases, eumelanin
internalization. Furthermore, the co-presence of both polymers in water determines the
aggregation dimensions and shapes. The discussion focuses on the influence of the aggregation
on the dielectric proper-ties by comparing the former to the AC dynamic response returned by
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Broadband Dielectric Spectroscopy (BDS). Within the BDS framework various items are
highlighted including dielectric relaxations, screening effects, counterion condensation and
ionic charge transport. The results shown in this work let to foresee the adoption of water or
biofriendly aqueous BSF-EuM:Keratin suspensions in the production of devices and sensors
with low environmental impact.

Supplementary material for this article is available online

Keywords: circular economy, organic waste, eumelanin, keratin, TEM, SAXS,
dielectric spectroscopy

1. Introduction

A key objective of the Circular Economic (CE) is ‘to minim-
ize waste and promote a sustainable use of natural resources,
through smarter product design, longer use, recycling and
more, as well as regenerate nature’ [1]. In this framework,
one of the CE challenge is to reduce the waste produc-
tion and/or the adoption of effective solutions in waste
management.

One example of applying CE thinking to a major source of
waste is to the organic fraction from municipal waste. Based
on the most recent 2022 European Compost Network (ECN)
report, ‘[2] an estimated 71 million metric tons per annum
(tpa) of separately collected biowaste were treated through
composting and anaerobic digestion (60 million tpa in the
EU27 and 11 million in CH, NO and UK)’. These estimates
included both municipal and commercial/industrial biowastes.
Composting accounted for 42 million tpa (59%), while anaer-
obic digestion (AD) accounted for 29 million tpa (41%) [2].

A parallel problem has also emerged due to the increase in
the use of electronics. The large variety of electronic devices,
from the simplest ones such as disposable sensors, to the
most complex ones such as batteries, PCs, mobile phones etc
are all rapidly subjected to hardware updates. As a result, a
significant amount of electronic waste (e-waste) is produced
(>45 megatons per year), adding strain to the environment
[3, 4]. Therefore, e-waste management constitutes a new chal-
lenge for a CE approach. One partial solution can be found in
the introduction of biodegradable electronics, whose products
coming from decomposition or disintegration will lessen the
impact on the environment [3].

However, other major activities produce organic waste, for
which effective CE solutions are still to be found. Among the
others, wool and poultry industries, which contribute large
amounts of waste [5].

Recently, two categories of organic waste have become
an unexpected resource that could potentially address the e-
waste and wool/poultry farming waste problems: eumelanin,
obtained via processing of black soldier fly larvae shed skins
(BSF-EuM) and keratin obtained from wool and feathers via
industrial processes. This has been the result of compan-
ies and start-ups investing in innovative processes trying to
push them more and more towards low or zero environmental
impact. A specific aim is the extraction of biomaterials with

unique functionalities, making them spendable on the market
in diverse areas of manufacturing, packaging, environmental
technologies, medicine, and agriculture [6].

These two classes of materials, eumelanin and keratin, are
the focus of this work, and are in general of great interest as
many research groups worldwide have investigated them for
their useful properties [7–19].

The eumelanin materials can be classified into three main
compounds that are associated to the more traditional, nitro-
gen containing materials, with the primary compound called
eumelanin (commonly termed melanin) and is a black-brown
pigment derived at least in part from the oxidative polymer-
ization of L-dopa via 5,6-dihydroxyindole intermediates; the
secondmain compound is pheoeumelanin, a yellow-to-reddish
brown sulfur containing pigment derived from the oxidation of
cysteinyldopa precursors via benzothiazine and benzothiazole
intermediates. The third main compound is neuroeumelanin,
found in the substantia nigra of the brain stem and is a dark
pigment produced within neurons by the oxidation of dopam-
ine and other catecholamine precursors that has been shown
to contain a pheoeumelanin core and a eumelanin outer shell
[20–22].

Eumelanin, the melanin investigated herein, is of tech-
nological interest due to its properties and demonstration
of use in devices. Properties include broad band optical
absorbance [23–25], metal ion chelation [26], paramagnetism
[27], radiation protection [28, 29], and humidity dependent
conductivity [25, 30–32], to name a few. For devices, sev-
eral examples include electrochemical transistors [31, 33, 34],
energy storage [35–38], memory [39, 40], optoelectronic skins
[41], phototransistors [42], coloring films [43], and sensors [7,
44–47]. Eumelanin has the additional advantage of demon-
strating biodegradability with reduced phytotoxic effects, thus
paving the way for its use as a potential green electronics
material [48].

Keratin represents the most abundant structural protein in
epithelial cells and, together with collagen, the most import-
ant biopolymer in animals [49]. Given its biological origin, it is
remarkable to see its toughness and wide range of functions.
For instance, scales provide body armor, horns are used for
combat, hagfish slime acts as a defense against predators, nails
and claws enhance prehension, and hair and fur protect against
environmental elements. These inspiring examples can offer
valuable insights for designing new structural and functional
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materials. Different forms of keratin can be obtained with
different phases of purification, appropriately modulated and
depending on the origin (e.g. wool or feathers), yielding dif-
ferentiation in structure, which allows for example, the pro-
duction from membranes to gels [10, 13]. The various proper-
ties of these keratin substances make them interesting from an
application point of view for microelectronics, applied medi-
cine, and energy storage [13, 14, 50].

Eumelanin contains both amino and catechol groups that
are well known for metal ion chelation [51], which we anti-
cipate being an anchoring mechanism for eumelanin internal-
ization into keratin biopolymers, as suggested by the removal
of eumelanin from melanocytes into keratinocytes [52]. Thus,
we envisage new multifunctional materials of eumelanin/ker-
atin for exploitation.

With the above background, we were stimulated towards a
deeper understanding of the chemical, structural and electrical
transport properties of eumelanin-keratinmaterials. Especially
given that the properties of the elicited biopolymers and
their combination can significantly alter their properties and
enabling interfacing with both biological and inorganic sys-
tems. For melanic materials, the advantage they confer is they
can carry both ionic and electronic current compatible with
the demands of bio-electronic devices [53]. The multiplicity
of final morphological structures of keratin, together with their
strength and adhesiveness makes them suitable for supporting
appropriate functionalization steps.

Notably, the high solubility/dispersibility in water for both
materials allow studying them in a peculiar environment at a
neutral pH, without altering the chemistry of either biopoly-
mer. Also, this peculiarity makes them of particularly interest
in transient electronic devices and specifically in those adop-
ted in biology or medicine, where sensors are mainly working
once in water-exposed conditions, and where the biodegrad-
ability and high performance are requirements [54].

An additional side benefit is that exploring the electrical
transport properties in an only water-based suspension, one
can investigate and isolate redox processes that is between
H2O and the unaltered chemical structure of these materials,
whether a single component or a mixture.

With the above in mind, this work will develop through
the investigation firstly water-based suspensions of each com-
ponent, and then their mixtures. We will first present the
chemical and structural aspects of these systems, with exper-
imental data from FTIR on powders then from TEM and
SAXS. From this data set we will infer the resulting func-
tionality and modification of the mixtures from the baseline
materials.

Once the chemical and structural data has been presen-
ted, we will show in the second part of this work the
electrical responses via broadband dielectric spectroscopy
(BDS) of these materials in water suspensions. The resemb-
lance between these suspensions (both single-component and
mixed) and those involving hydrated proteins (as discussed by
the first relevant paper of Schwan and recently by Nakanishi
[55, 56]) prompts us to focus on analyzing the BDS spectra. In
our study, we will extensively analyze the BDS data within the
framework of the Havriliak-Negami (HN) dielectric modeling.

This approach is like a recent studywe have conducted on solid
state eumelanin samples [57].

Insights gained will then be correlated back to the chemical
and structural work.

2. Materials and methods

2.1. BSF-EuMelanin and Keratin extraction methods

The eumelanin investigated in this paper is extracted by the
start-up Insectta Pte. Ltd from the pupal exuviae of the black
soldier fly larvae. This company occupies a circular economic
position within Singapore, in which the flies are used to val-
orize food waste, and the black soldier fly eumelanin (BSF-
EuMelanin, from now on labeled as BSF-EuM for sake of con-
ciness, whenever needed) is a value-added product currently
co-extracted during the process of chitin production. The pro-
duction cost is therefore low, while the yield is approxim-
ately 1% by weight from pupal exuviae. Thus, the BSF-EuM
appears to be a competitive product, critically being based
upon a circular economic approach. The expectation is that
price will continue to decrease and volume increase as the
product becomes more widely recognizable, and applications
are found for it.

BSF-EuMwas isolated from the black soldier fly (Hermetia
illucens) according to a patented protocol released by Insectta
[58]. The process in brief is as follows: Hermetia Illucens
pupal exuviae were minced into approximately 0.5 mm pieces
using a blender (Robot Coupe Blixer 4, France). The pupal
exuviae were then demineralized with 10% (w/w) lactic acid
at room temperature for 3 h. To reduce protein contamination
in the eumelanin fraction, deproteination of the pupal exuviae
was performed with 1MNaOH for 3 h at 50 ◦C. Subsequently,
eumelanin was liberated by heating the mixture with 3 M
NaOH, for 2 h at 90 ◦C. Thorough washing of the mixture
was performed in between steps. The eumelanin-containing
supernatant was filtered through a 500 mm mesh nylon cloth,
with the eumelanin fraction precipitated with the addition of
37% (v/v) HCl of a series of proprietary steps. The proced-
ure is then concluded with lyophilization to obtain salt-free,
water-soluble, sub-micrometres particles of BSF-EuM.

In this work two types of keratins are investigated. The first
type of keratin used in this work is extracted from organic
waste feathers samples, but adopting the steam explosion
extraction technique, which we labeled as KerST. In this pro-
cess the biomass is treated with hot steam (180 ◦C–240 ◦C)
under pressure (1–3.5 MPa) followed by an explosive decom-
pression, resulting in a breakage of the rigid structure of the
fibers [59, 60]. Feathers for the process were prepared as fol-
lows: a first wash with cold water and common soap followed
by drying at 60 ◦C in a forced-air oven. The second wash is
then with ethanol at 50 ◦C for 2 h to remove surface fats and
waxes. The defatted feathers were then removed from the eth-
anol solvent and ethanol residue removed after incubation for
3 h in a forced-air oven at 60 ◦C. The feathers were then soaked
in demineralized water, at a ratio of 1:1 feather to water.
This mixture is then pretreated using steam explosion using
an ENEA 10 l Staketech batch digester at 200 ◦C for 10 min
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Table 1. List of mixtures investigated in this study. ∗ Filtered by a 0.45 µm membrane before the measurement.

Suspensions Mel:Ker Items code
SAXS
(mg ml−1)

BDS/TEM
(mg ml−1)

BSF-EuMF∗ 1:0 S0F — 10
BSF-EuMUF 1:0 S0UF 4.0 10
KerST 0:1 S10 17.5 10
KerBS 0:1 S20 7.5 10
BSF-EuM:KerST 15∗ 1:4 S15 10 10
BSF-EuM: KerST 16∗ 1:9 S16 — 10
BSF-EuM: KerST 17∗ 4:1 S17 — 10
BSF-EuM : KerST 18∗ 9:1 S18 — 10
BSF-EuM :KerBS 21∗ 1:4 S21 10 10
BSF-EuM :KerBS 22∗ 1:9 S22 — 10
BSF-EuM :KerBS 23∗ 4:1 S23 — 10
BSF-EuM :KerBS 24∗ 9:1 S24 — 10

under a pressure of 15 bar. After 10 min of each pre-treatment
with saturated steam, the biomass was rapidly transitioned to
atmospheric pressure by opening an electronic valve, promot-
ing further breakdown. The impregnation process favors the
deconstruction of the biomass within the reactor [61]. The
steam explosion process was carried out in duplicate and from
the process we obtained keratin in water solution at a con-
centration of 45 mg ml−1. To obtain powder samples use-
ful for measurement, KerST was subjected to a lyophiliz-
ation process. This process removes the water by freezing
the material, then lowering the pressure and applying heat,
causing the frozen water to sublimate directly from solid to
vapor [62]. For lyophilization we employed a FreeZone Freeze
Dryer (LABCONCO), subjecting the samples to 0.02 mbar in
vacuum at 20 ◦C for about 5 d.

The second keratin system was extracted from the same
organic waste feathers (KerBS) as the KerST using the chem-
ical process, as described in Mattiello et al [63], consisting
of a metabisulfite extraction method. This process was selec-
ted as it provides sufficient persistence of the secondary struc-
ture of the protein. In addition, the procedure is effective, eas-
ily applicable to the raw material, requires lower amounts of
chemicals and has a lower toxicity compared to other methods
such as the mercaptoethanol method [64, 65].

2.2. Suspensions preparation

The solutions and concentration shown in this work are shown
in table 1. For SAXSmeasurements the concentration in single
component suspensionwas regulated to reduce the interactions
between the chains and study the fine structure. In mixed sus-
pensions the final concentration was still 10 mg ml−1 keeping
the same mass ratio and concentration adopted for BDS/TEM
measures. The measurement was focused on the 1:4 mass ratio
in both keratin types.

In BDS/TEM measurements the suspensions were made
by dissolving the powders of the biopolymers, whether
single or mixed, in deionized water (H2O conductivity
σ = 1.0 µS cm−1). The total concentration of the biopoly-
mer was 10 mg ml−1, with the ratio between BSF-EuM and
Keratin varied by mass.

In all the characterizations, the various suspensions were
filtered by a 0.45 µm filter membranes, a procedure that
enabled the selection of particles with similar dimensions and,
in BSF-EuM the removal of residual protein in BSF-Eumel.

2.3. Transmission electron microscopy (TEM)

For TEM analysis, a drop (20 µl) of a solution was
applied to a carbon-coated copper/rhodium grid (400 mesh)
(TAAB Laboratories Equipment Ltd, Aldermaston, Berks,
ENGLAND). The coated grid was floated for 2 min on the
drop, rinsed with 200 µl of double distilled water and then
stained by a negative staining solution (200 µl of 0.5% w/v
UA-Zero EM stain, Agar-Scientific Ltd, Stansted, UK). After
draining off the excess staining solution bymeans of dabbing it
with filter paper, the specimen was then transferred to the elec-
tron microscope for examination, using a Philips Morgagni
282D transmission electron microscope, operating at 80 kV.
Electron micrographs of negatively stained samples were pho-
tographed on Kodak electron microscope film 4489 (Kodak
Company, New York, USA). The negative staining procedure
is employed to take advantage of increased electron scattering
from higher density materials. Consequently, electrons being
scattered from the negative staining solution exhibit brighter
signals in the resulting images. In non-homogenous items, the
final images is shown in grayscale; the bright region means
100% materials, the black absence of material.

2.4. Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra were recorded from 4000 to 600 cm−1 with a
PerkinElmer Spectrum 100 FT-IR instrument (Waltham, MA,
USA) by total reflectance utilizing a CdSe crystal. The FT-
IR spectra were collected on KerBS and BSF-EuM in powder
form.

2.5. Small-angle x-ray scattering (SAXS)

SAXS experiments were performed using aXeuss 2.0QXoom
system (Xenocs SA,Grenoble, France) equippedwith amicro-
focus Genix 3D x-ray Cu source (λ = 0.1542 nm) and a
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two-dimensional Pilatus3 R 300 K detector placed at variable
distance from the sample (Dectris Ltd, Baden, Switzerland).
Measurements were made on liquid solutions obtained by dis-
solving powder samples in distilled water (DI) at different con-
centrations as listed in table 1.

The samples were loaded into disposable borosilicate capil-
laries with nominal thick-ness 1.5 mm and sealed with hot
glue. Two capillaries, one loaded with the deionized water
used as dispersant and an empty one, were used for back-
ground subtraction.

The measurements were performed at room temperature
and at reduced pressure (∼0.2 mbar), with two different
sample-detector distances to access a scattering vector modu-
lus (q) range between 0.045 and 13 nm−1, where q= 4π sin(θ)

λ ,
2θ is the scattering angle and λ is the x-ray wavelength of
light. The two-dimensional scattering patterns were subtrac-
ted for the ‘dark’ counts, and then masked, azimuthally aver-
aged, and normalized for transmitted beam intensity, expos-
ure time, and subtended solid angle per pixel, by using the
FoxTrot software developed at SOLEIL. The one-dimensional
intensity vs. q profiles were subtracted for the contributions
of the solvent and empty capillary and reported in intensity
units of macroscopic scattering cross-section (cm−1) by divid-
ing by the capillary thickness estimated from the alignment
scans. Pair distance distributions were obtained by indirect
Fourier inversion of the I(q) profiles, or I(q)·q in case of the
cross-section of elongated objects. These distributions were
obtained with the software BayesApp [66]. Model intensities
to help data interpretation were calculated using the software
SASfit [67].

2.6. Electrical measurements configuration and experimental
apparatus

The electrical measurements of the suspensions were done by
using a disposable standard 8 well arrays (Applied Biophysics,
maximum volume well 600 µl, figure 1) provided with interdi-
gitated Au electrodes (IDE) at the bottom side. The IDE struc-
ture consists of a comb structure composed of nine couples of
Au electrode fingers, 0.8 cm long, placed at 50 µm.

The sampling of the suspension was kept constant by using
only 200 µl, whereas the IDE configuration ensured a consist-
ent electrode geometry, thus eliminating variation from geo-
metrical effects. The electrical data of the suspensions were
measured using Electrical Impedance Spectroscopy (EIS),
where the complex impedance of the suspension Z is obtained
from scanning several frequencies of sinusoidal, alternating
current-voltage measurements.

The EIS measurements were obtained by a
NOVOCONTROL Impedance Analyzer. The AC voltage
signal amplitude (VAC) was fixed at 300.0 mV, DC off-
set was 0.0 V, and the frequency (f) range scan was
between 0.1 Hz to 10.0 MHz, 8 pts/decade, with a
total of 56 points and a recording time of around three
minutes.

Figure 1. Representative disposable 8 well arrays provided by IDE
at the bottom side (left, Applied BioPhysics) and probe connection
to the measurement apparatus adopted for the electrical
measurements on suspensions. The enlarged view of the IDE on the
bottom of the well is shown on the right.

2.7. Electric data analysis and modeling

The EIS data were analyzed within the broadband dielectric
spectroscopy (BDS) approach, utilizing two representations:
the first is the complex dielectric permittivity ε∗ spectra; the
second is the complex AC conductivity spectra, σ∗.

The permittivity ε∗ is related to the real (ε′) and imaginary
(ε”) components as:

ε* = ε ′ − jε ′ ′. (1)

Each component is calculated from the complex impedance
by [56, 68] by the following equation

ε ′ =
−Im [Z]

2π f |Z|2C0

;and ε ′ ′ =
−Re [Z]

2π f |Z|2C0

(2)

with C0 representing the equivalent vacuum cell capacitance,
|Z| the modulus of the impedance Z and f the frequency. In the
present case, since it is difficult to estimate the geometrical
parameters, we obtained C0 by directly measuring the imped-
ance vs. frequency on the empty cell and taking the value at
the highest frequency, which is related to the dielectric con-
stant and geometrical parameter of the cell [69]. We obtained
a value of C0 = (1.0 ± 0.1)× 10−13 F cm−1.

Additionally, the loss factor tanδ is derived via:

tanδ =
ε ′ ′

ε ′ . (3)

We adopt the Trukhan model to estimate the diffusion coef-
ficient Dion of free ionic charge carriers where [57, 70]:

Dion =
ωmax L2

9× 32 (tanδmax)
3 (4)

that has been rescaled with respect two known parameters,
i.e. the number of finger couples (9) and finger distance
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(L = 50 µm). The ‘max’ subscription indicates the radial fre-
quency position and corresponding value of the maximum of
the loss factor

The free ionic concentration n is then determined from the
Nerst equation by

n=
σ ′
DC

e2
kBT
D

(5)

where e is the fundamental charge and σ ′
DCis the real part

of the conductivity at ωmax, i.e. the conductivity correspond-
ing to the plateau value in the real AC conductivity spectrum,
kBT is as normal Boltzmann’s constant and temperature mul-
tiplied, which for room temperature and our measurements is
0.025 eV. Also, the Debye lengths are calculated as:

LD =
L

8(tanδmax)
2 . (6)

Since the as calculated ε′ spectra also includes the DC con-
ductivity contribution, it is useful to remove it by representing
a particular ε′ derivative (Kramers-Kronig relationship) with
respect to lnω where (ω = 2πf) is the radial frequency [56,
71]:

Dlnωε
′ (ω) =−π

2
∂ε ′

∂ lnω
≈ ε ′ ′

rel. (7)

Here we adopt the ‘D’ notation for the derivative. ε ′ ′
rel is

the dissipation of the complex dielectric function, but which
excludes the conductive components of the dissipation, leav-
ing only the polarizing components. This feature enables the
better resolution of polarization relaxation peaks, especially
peaks at lower frequencies assigned toα andβ relaxations [71,
72]. This is justified since we are examining the AC response
of protein-derived systems [56].

Considering the equivalence of the derivative in expr. 7
with ε ′ ′

rel, it comes out that the relaxation processes will be
featured by the same parameters as ε ′

rel. Therefore, we can
apply the Havriliak-Negami (HN) formalism, which is used
to model relaxation peaks, but without the conductivity term
[56, 71]. This means that we examine the derivative of the real
part of the dielectric permittivity via:

Dlnωε
′ (ω) =

K∑
i=1

 ∆εi(
1+(jωτ aiHNi)

bi
)
 . (8)

The superposition of up to three (K = 3) dielectric relax-
ation functions enabled to achieve the best fit of the spectra.
Each HN function is featured by a relaxation time distribution
peak at a specific relaxation time (τHNi), with characteristic
parameters ∆εi, termed as the dielectric strength and coeffi-
cients ai and bi. The former coefficient is assigned to the broad-
ening and the latter to the symmetry of the time relaxation peak
[73–75].

The frequency of the peak fMAX,HNi for each relaxation (α,
β, EP, see below for further definition) is determined from the

τHNi values by using [76]:

fMAX,HNi =
ω MAX,HNi

2π
=

 sin
(

π aHNi
2(bHNi+1)

)
sin

(
π baHN

2(bHNi+1)

)
a−1

τ−1
HNi,

HNi= α,β,EP . (9)

From now on we will use fα/β/EP and ωα/β/EP referring to
the values determined via expr. 9.

A consolidated picture considers the dielectric relaxations
observed in polyelectrolyte in aqueous solutions as due to
counterion polarizability, balancing the ionic groups in the
polymer backbone [77]. The peculiar chemical structure of
eumelanin and keratin let to assigned both to the class of
(poly)electrolyte [17, 78] where proton ions (H3O+) acts as
the counterions.

Within a polyelectrolyte system a phenomenon of counter
ion condensation in water is highly probable. This situation
is when the charge density of a linear polyelectrolyte chains
exceeds a critical value that is then neutralized by counterions
in solution; ‘Free’ counterions ‘condense’ in the vicinity of the
chain such that the Coulomb repulsion energy of two adjacent
charged groups on the chain decreases below kT [79].

This condensation condition is reached when the separa-
tion, d, of monovalent charges along the polymer chain is less
than the Bjerrum length lB where lB = e2/(4πεrε0kT). This
condition is generally satisfied for polyelectrolytes in water
since εr(H2O) = 80, which yields an lB = 7 Å while d < 7 Å
[77].

This condensationmanifests itself in the dielectric response
as a feature at low frequency fα (α -relaxation) with polariza-
tion along the longitudinal direction of the polymeric chain.
Whereas the β-relaxation frequency, fβ , represents the free
counterions still available and is seen at higher frequencies and
polarization along the radial along the radial direction [77].

Given that these frequencies relate also to the linear lα
and radial lβ dimension of the polymeric aggregates, one can
determine these effective lengths via the diffusion coefficients
of the condensed Dion,α and free counterions Dion,β [77, 80–
82]:

fMAX(α/β) ∼
6Dion(α/β)

l2α/β
and ωMAX(α/β) = 2π fMAX(α/β)

(10)

where Dion(α/β)
are the Nerst diffusion coefficient (expr. 4)

corresponding to the conductivity values at fα and fβ . As a
first approximation we will use the free ionic charge density n
as calculated via the Trukhan Model in expr. 5 to estimate the
corresponding counterion density either in the calculation of
both Dionα or Dionβ .

3. Results and discussion

3.1. Transmission microscopy results

The BSF-EuM morphology in the filtered suspension (BSF-
EuMF) as observed by TEM (figure 2) was characterized by
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Figure 2. (a) TEM images of the BSF-EuMF structure;
magnification 30.000X, bar = 100 nm. The bright region refers to
high particle density continuously dispersed and the gray/black zone
refers to a low particle density region both assuming a sheet like
structure (b) Magnified image of the region indicated via the
asterisk and circle, (magnification 150.000X, bar = 30nm),
evidencing a low-density region of the sheet constituted by a
discrete aggregation of nanoparticles ø = 5 nm.

a non-homogeneous distribution of submicrometric colloidal
particles represented by the bright region of figure 2(a) that
contours, and a high density of small colloidal particle aggreg-
ation represented by the gray/black region (on the left side of
figure 2(a) andmagnified in figure 2(b)). The estimated dimen-
sion of the particles has been measured between 4 and 10 nm
in size (modal value∼7 nm) in agreement with other previous
observations [9].

The KerST and KerBS structures (figures 3(a) and (b)
respectively) resulted immersed in a colloidal suspension,
(bright region) made up of dispersed particles. Notably, their
size has been found non uniform in KerST and highly
homogenous in KerBS. Moreover, KerST displayed starlight
aggregation featured by tubular filamentary structure (see inset
in figure 3(a)), whereas KerBS displayed a linear belt struc-
ture. Furthermore, the magnification of the KerBS structure
(see inset in figure 3(b)) evidence the presence of a helix-like
substructure. The TEM morphological analysis (figures 4(a)–
(d)) in BSF-EuM: KerBS and KerST mixed suspensions still
evidenced a colloidal background (bright scale) of dispersed
particles where the two components cannot be clearly distin-
guished. However, the radial structure of KerST and of KerBS
are greatly modified in the 1:4 case (a-e) and 4:1 (b-f) where
the aggregation region exhibits similar features.

In both the 1:9 and 9:1 system the particle aggregation is
modified by becoming more linearized, driven by the Keratin
structure. Some peculiar arrangement of the 1:9 and 9:1 BSF-
EuM:KerBS (figures 4(g) and (h)) have been observed with
the internalization of the eumelanin in between the keratin fila-
ments in the former and the external arrangements in the latter.

3.2. FT-IR results

In figure 5, the FT-IR taken on one component compares those
already published on BSF-EuMel [57] and KerBS [63] with
the data collected for the first time on KerST. This because
the steam explosion method is not usually adopted for pro-
tein extraction and to verify that the process did not degrade

Figure 3. TEM images of the (a) KerST, left and (b) KerBS, right
structure; in both cases the magnification 80.000X, bar = 40 nm and
for the inset 150.000X, bar = 25 nm. In (a) KerST: Star-like
aggregation and tubular filamentary structure (the inset in figure 3(a)
is a magnification of the tubular structure). In (b) KerBS: Linear
aggregation in a bent-like structure; the inset displays a magnified
view highlighting the presence of a helix- like bent structure.

the protein. On mixed component suspensions, the FT-IR of
keratin spectrum always dominated the melanin one, notwith-
standing the relative concentration ratios with no observable
and relevant new spectral features. As a matter of example
we add the comparison between FT-IR in mixed BSF-Eum:
KerBS and BSF-EuM:KerST at a ratio of 1:4 (see figure in
ESI) (see figure S1 in ESI).

The spectrum of BSF-EuM is characterized by several
vibration bands, indicated in the figure 5 with the stars. A
wide band in zone of 3200 cm−1 can be observed, corres-
ponding to links vibration of the functional groups −OH and
−NH2, 2918 cm−1 corresponding to the N–H stretching [83–
87]. Specific eumelanin stretches were observed also between
1500–1400 cm−1, which were attributed to the bending vibra-
tion of N–H and the stretching vibration of C–N (secondary
amine) of an indolic [88]. The strong infrared band in the range
of 1380–1240 cm−1 indicated the presence of a pyran ring
[89]. Several eumelanin spectra have also included absorp-
tion bands between 1250–1180 cm−1, caused by the stretching
vibration of phenolic –OH groups [88]. The spectrum confirms
that the extracted eumelanin is a eumelanin.

The spectra for KerST and KerBS exhibit the characterist-
ics protein bands of Keratin. The absorption band at approx-
imately 3300 cm−1, is attributed to the stretching vibrations
of N–H and O–H bonds and is associated with amide A [90].
Stretching vibrations of the C=O bonds, appearing between
1600 and 1700 cm−1, are characteristic of the amide I band,
which is linked to the secondary structure of keratin [91]. The
bending vibration of N–H at 1520 cm−1 corresponds to amide
II [92]. The stretching vibrations of C–N and C–H, along with
the bending vibrations of N–H and C=O, occurring around
1220–1300 cm−1, are related to amide III [93]. A notable dif-
ference between the two spectra is the sizeable reduction of the
amide III signal components (1220–1300 cm−1) and the vibra-
tions present in the region between 700 and 1100 cm−1 vis-
ible in the KerBS sample. This range is highly sensitive to the
presence of sulfur derivatives, suggesting that an increasing
number of disulfide bonds have been reduced to form cysteic
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Figure 4. TEM micrographs of BSF-EuM:KerST (a)-(d) and
BSF-EuM:KerBS (e)-(h) in different ratios. (Magnification 80.000
X, bar = 50nm). In figure 4(c) the different positioning of
BSF-EuM around the KerBS ribbon is evidenced, showing the
BSF-EuM internalization in KerBS in the former.

acid [91], which is related to the use of the metabisulfite
method. From the above, the FT-IR analysis confirms that the
underlying structure of keratin has been conserved and not des-
troyed by the extraction methods, though in the case of KerST
less Sulphur groups are present.

Figure 5. Comparison of FT-IR spectra for one component KerBS,
KerST and BSF-EuM in powder form. The yellow boxes highlight
the principal protein bands, while stars indicate the principal
eumelanin vibration bands. The wavenumber corresponding to the
vibration are also reported.

3.3. SAXS results

The profile collected for BSF-EuM (figure 6(a)) shows both an
initial slope (q< 0.1 nm−1) and a final slope (1< q< 3 nm−1)
close to q-2. suggesting them to fall within the case of an
approximately planar geometry of both the overall dispersed
aggregates and the individual particles [94]. In the intermedi-
ate q range (0.5–0.8 nm−1) a knee is visible that corresponds to
inhomogeneities in the dimension of particles with a radius of
gyration of ∼2.5 nm, as assessed by an indirect Fourier trans-
form in the range of 0.18–4 nm−1 to obtain a pair distance dis-
tribution function (p(r), inset of figure 6(a)). The model that
provides an overall curve fit corresponds to a form factor of
thin disks with diameter of 5.2± 0.1 nm and average thickness
of 0.6 ± 0.3 nm, correlated by a mass fractal structure factor
with fractal dimension of 2.9 and overall aggregate size above
the limit imposed by the available angular range (>100 nm).

These dimensions for BSF-EuM are noteworthy. In pre-
vious x-ray diffraction literature from Cheng et al [95, 96],
powdered eumelanin was also modeled to a similar disklike
structure with lateral dimensions of 4–8 units of eumelanin,
with 4 layers of stacking and a repeating dimension of
∼1.5 nm. In our results, it should be noted that the thickness
of approximately 1 nm is poorly determined and with a high
uncertainty due to the signal of the sample (being a 4 mg ml−1

diluted suspension in water rather than a powdered solid)
reaching the water background level for q> 5 nm−1. However,
if a thickness equal or greater than 1.5 nm is imposed, the
model visibly deviates from the data, and this suggests that
the disks should be made by less than 5 layers of π-π/pancake
bonded stacking structure [97].

In addition, our most probable modeled disk diameter
(4 nm) is much wider than Cheng et al’s, suggesting that the
BSF-EuM particles are extended ‘floppy’ sheets of material.
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Figure 6. SAXS scattering curves of pure components (the black crosses represent raw data, the red line represent the calculated model
curve, with the dotted portion only showing the form factor without structure factor): (a) BSF-EuM at 4 mg ml−1 concentration in water
solution and (d) BSF-EuM size distribution of disk diameter that fits the data keeping fixed the disk thickness to 1 nm, is shown, together
with a sketch of the model; (b) KerBS at 7.5 mg ml−1 concentration in water solution (c) KerST with a concentration of 17.5 mg ml−1 in
water solution. (e) and (f) Superimposition on absolute units of the SAXS data of eumelanin (black dots), keratin (red dots) and their
mixtures (blue or green dots), compared to simulated data obtained as a simple sum of the two components (grey dots): (e) eumelanin
(BSF-EuM), sulphitolysis keratin (KerBS) and their mixture obtained in the BSF-EuM: KerBS 1:4 proportion; (f) eumelanin (BSF-EuM),
steam explosion keratin (KerST) and their mixture obtained in the BSF-EuM: KerST 1:4 proportion. In all panels the insets show the pair
distance distribution functions of the overall data (P(r)) or of the cross-section for elongated objects (PCS(r)), and the corresponding fits to
the data by indirect Fourier inversion are shown as solid grey lines in the main plots.
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When inspecting Cheng et al’s data though, it should be noted
that their data was obtained on dried eumelanin, both natural
and synthetic, but at higher q ranges (10–100 nm−1) where
they also saw additional peaks, corresponding to much smaller
characteristic distances, below 0.5 nm.

A better comparison to our data set would be the work of
Gallas et al [98] and Littrell et al [99] where the authors did
a SAXS study on various synthetic eumelanin, where similar
concentrations and q ranges were employed. These works
exhibit SAXS data with similar knee features as those repor-
ted here (figure 6(a)). What is interesting is that these authors
determined stacked particles of thicknesses of∼1 nm (3–4 lay-
ers), with disklike structures showing diameters of 5 nm. In
this regard, the extent of the particles contained in the BSF-
EuM sample correspond well with this synthetic eumelanin
dispersed in water.

As a second pristine material to consider is the KerBS ker-
atin from metabisulphite extraction [63]. In this case the best
model for the data in figure 6(b), indicate a core-shell cylinder
model, whose overall length extends above the limit imposed
by the minimum scattering momentum detected (>100 nm).
Additionally, there is a lower electron density of the core and
higher electron density of the shell, compatibly with the higher
sulphur content occurring on the keratin protofilament surface.
The core radius assumes values from 1.2 nm to 3.3 nm accord-
ing to a decaying size distribution that can accommodate a pos-
sible small number of bundled individual filaments within fib-
rils (<7), while the shell thickness is of the order of 0.8 nm.
The deviation in the low q regime (q < 0.15 nm−1) from the
power law expected for rigid rods (close to q−2.5 rather than
q−1) can be due to flexibility of individual fibrils or a degree
of inter-fibril correlation. Such deviation can be reproduced by
considering a mass fractal structure factor with dimensional-
ity 2, characteristic object size of 13 nm and cut-off distance of
100 nm. Such a model is like what is observed in [94], which
shows long ribbons with cross-sectional units of about 3 × 3
nm2, hinting a possible preservation of the keratin protofila-
ment structure by the extraction method.

Differently from KerBS, the scattering profile collected for
KerST (figure 6(c)), does not show the features of a fibrillar
structure, but has two characteristic slopes (close to q−1 for
q > 1.5 nm and close to q−2 for q <0.2 nm−1), and a knee in
the intermediate range that would correspond to characteristic
sizes of the order of 2 nm. A possible model used to repres-
ent the SAXS data is consisting of a form factor of a swollen
coil, with radius of gyration of 1.8 nm and a self-avoiding
behavior with Flory exponent close to 0.6 (rather than 0.5 for
random walk), in conjunction with a fractal structure factor
in which the individual object size is around 7.5 nm and the
dimensionality is 2.5. Alternatively, the high q data is prefer-
ably interpreted in terms of compact particles rather than chain
structures. The best fit was obtained with a spheroid model,
which implies a pronouncedly prolate geometry (with axes
1.1 nm × 1.1 nm × 9 nm) rather than oblate and flat-like. In
any case, the average size of individual scatterers is signific-
antly smaller compared to the KerBS structure, probably due

to the mechanical action of the extraction process and the frag-
mentation in elementary sections and unfolded peptide chains.

In these two latter cases of keratin a different power law
was observed in the intermediate q range (around 0.1 nm−1,
approximately a length scale of 30 nm), corresponding to a
transition from a preferentially 1D system (KerBS) to a 2–3D
one (KerST).

For the mixed sample involving KerBS (BSF-EuM:KerBS
(1:4), figure 6(e)) we find that the scattering profile of the mix-
ture closely resembles the signal observed for KerBS, indic-
ating that the fibrillar structure of the keratin is substantially
preserved after interaction with eumelanin.

In this case, comparing the mixture data with simulated
data as a simple sum of the two components, a small deviation
can be appreciated in the q range 0.7–1.5 nm−1. Observing
the calculated pair distance distribution functions of the cross
section, the deviation can be related to a change of the internal
fibril electron density contrast (distances <5 nm), suggesting
that the small eumelanin disks can be partially incorporated
into the fibril structure. For the mixed sample involving KerST
(BSF-EuM:KerST (1:4), figure 6(f)) no large structural trans-
ition of the eumelanin is detected, but the significantly higher
scattering intensity of the mixture compared to a simple sum
of the profiles of pure keratin and eumelanin samples suggests
enhanced co-aggregation of the keratin extracted components
within the eumelanin clusters, whose individual units preserve
sizes of 5–6 nm.

3.4. Broadband dielectric spectroscopy

The BDS is recognized as a technique highly sensitive to
dipolar interaction of water molecules (proton ions) on a wide
set of materials [56, 77, 79] Among the others, its applica-
tion has been widely used to provide deep insight on water-
biopolymer and protein interaction, the former including BSF-
Eumelanin as well [57]. In the first case, the examination
was exclusively performed between water vapor molecule and
BSF-EuM layer providing detailed information on the evol-
ution of the dielectric response vs. hydration [57]. Water-
protein interaction [56] has been also the subject of sev-
eral studies adopting BDS. Since keratin belongs to the class
of protein, BDS can be considered a suitable technique for
studying its interaction with water. The structural informa-
tion gained by TEM evidenced the formation of a homogen-
ous colloidal suspension and regions where peculiar aggrega-
tion structures are observed. SAXS suggested enhanced co-
aggregation of the keratin extracted components within the
eumelanin clusters. The structural picture gathered via TEM
and SAXS will take advantage of the BDS, suitable in provid-
ing more information on the effect of those structures via
the dielectric relaxation and, much more, in a solvent dipolar
system like water. In fact, the feasibility of spanning a wide
range of frequency via BDS offers detailed insights into the
AC response of a biopolymer mixture. In this framework,
the BDS is intended to be the superposition of regions that
respond to the frequency of the AC signal depending on their
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extension and resulting in final relaxation observed in the
spectra. As stated above, the slower relaxation depends on
the linear extension of the aggregates the faster on the radial
extension. (expr.10) Both regulate the dynamic of the ionic
charges (counterions) leading to slow (condensed counterions)
or fast (free counterion) ion charge dynamics. Therefore, these
measurements are guided by dielectric polarization mech-
anisms, thus the ‘geometrical’ dimensions determined by
using this approach may differ from those seen in SAXS
and TEM.

The BDS results is particularly suitable in detecting the AC
response of a biopolymer mixture in a solvent dipolar sys-
tem like water. The ε′ spectra, as seen on a linear y-axis scale
(figure 7), show that each single component biomaterial sus-
pension decreases their dielectric constant at a characteristic
radial frequency, ωEP, which signals the cut-off frequency of
the electrode polarization (EP) effect [57, 100]. The EP attri-
bution is justified by the criterion adopted consisting in the
comparison between the real and imaginary part of the dielec-
tric permittivity (ε′, ε′′) and conductivity ( σ′, σ′′) (figure 8)
where the corresponding peaks in the imaginary part of the
dielectric constant (ε′′) and conductivity (σ′′) signals the full
development of the EP [100] (figure 8).

Thus, these lower frequency ranges capture the behavior of
the electrode and its influence on the material under investig-
ation. These effects are electrode-material specific and is not
intrinsic to the biopolymer per se, which make low frequency
features less useful for interrogation [100, 101]. However, in
our study we use the same set of electrodes and geometry,
allowing us to make an accounting of the electrode effects
and talk intelligibly about the material behavior in the sub-
EP region. We note that the variation in ωEP depends on the
biopolymer and suggest a different extension (range) of the
electrostatic forces acting on the ionic charge distribution,
which regulates the screening length termed as Debye length
[100, 102].

We also note that at high frequency the real component of
the dielectric constant saturates to a value of ∼80 for all the
suspensions, which is close to the background solvent of water
[103].

It is noteworthy that qualitatively the unfiltered BSF-
EuMUF and KerST and the filtered BSF-EuMF and KerBS
are similar. Specifically, dispersion of KerST and unfiltered
BSF-EuME reveals two visible relaxation peaks (figure 7(b)).
The first one we attribute to a β-relaxation. Utilizing the eli-
cited AC conductivity data alongside the permittivity leads us
to attribute the second peak to the relaxation frequency of the
electrode polarization (see figure 8) [100, 104]. In contrast, the
spectra of filtered BSF-EuM and KerBS seems to exhibit only
a single dominant relaxation process.

However, it is essential to recognize that the DC conduct-
ivity contribution to the relaxation processes is superimposed
on the as received permittivity data, which may obscure the
true dielectric dispersion and prevent complete resolution of
relaxation processes [56].

Therefore, to gain accurate insights into the relaxation
processes, we employ the Dlnωε

′ (ω)≈ ε ′ ′
rel representation

to eliminate the DC contribution (figure 7(c)). Each spec-
trum exhibits unique features, although similarities emerge
due to the same derivation of the dissolved/suspended
components.

With the corrected data set, we employ a best fit approach
adopting the HN formalism to Dlnωε

′ (ω)≈ ε ′ ′
rel with the fits

shown in figure 9 and fitting parameters summarized in table
S1. We clearly distinguish three HN distributions: HNα, HNβ

& HNEP corresponding to three distinct relaxation processes,
α, β & EP. These are now better resolved compared to their
somewhat hindered representation in ε′ or ε′′. In the low-
frequency region (0.1–10 Hz), the increase in Dlnωε

′ (ω)≈
ε ′ ′

rel evidence the tail of a slower α-relaxation with the
frequency of the peak displaced close to the lower of the
measurement range (see fα values in table 2). This relaxa-
tion is representative of the slow motion in the solvent of
larger aggregates and can be furthermore associated to the
system viscosity [81, 106, 107]. The magnitude of the cor-
responding dielectric strengths increases in BSF-EuMF with
respect to BSF-EuMUF, whereas in KerBS it is higher than
in KerST.

The second component, which is in the medium-frequency
range, is assigned as a β relaxation and is associated with
the polymer local conduction via ionic charge hopping
mechanisms [77, 80, 104]. In this specific case the hopping
is water mediated and depends on the hydration [55]. Notably,
β relaxation magnitudes and peak positions are the same in
KerST and BSF-EuMUF, highlighting similar features in the
hydration-mediated processes. This may be the result in both
cases of the presence of residual impurities as recently evid-
enced by 13 C CP/Mas NMR spectra of BSF-MelEuM where
an intense signal is present in the aliphatic region of BSF
eumelanin [108, 109]. Inspecting the keratin data reveals that
in KerBS the contribution of the β relaxation is smaller than
either the EP or α relaxation. Additionally, the β relaxation
has a broader frequency distribution. The lower relative effect
of the β relaxation with respect to EP can be a consequence of
the more hydrophobic nature of KerBS, which was observed
to be less soluble in water. Again, this may be due to a higher
presence of sulfur functionalization, leading to a more hydro-
phobic property.

Finally, the third component represents the EP, whose
magnitude may be regarded as an index of the strength of
the screening charge effect. Following what is declared in
the TEM analysis, if we regard the suspensions as a col-
loidal one, these values estimate the extension of the ionic
charge distribution from around the suspended particles to
the medium, i.e. the Debye length LD [102, 110]. In the
present case, the calculation of LD via expr. 6 returned val-
ues between 0.27 nm to 2.03 nm corresponding to free
ionic charge concentrations of approximated 1020 cm−3

in BSF-EuMF to 1018 cm−3 in all the other systems
(see table 2).
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Figure 7. Linear scale representation of the dielectric permittivity dispersion relations of the single component suspension (conc.
10.0 mg ml−1). Spectra include: (a) the real part of the dielectric permittivity ε′ (inset shows log scale representation and radial frequency
EP position; (b) the imaginary component ε′′; Dlnωε

′ (ω)≈ ε ′ ′
rel (ω). In the inset of (a) the log ε′ vs. f show the radial frequency ωEP

corresponding to the drop of the ε′ curve. We also indicate by ωEP, BSF-EuMUF and ωEP, BSF-EuMF the radial frequency position in unfiltered and
filtered BSF-EuM suspensions. The radial frequency positions relate to that shown on the f-axis as ω = 2π f.
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Figure 8. Representative example of the localization of the radial frequency ωEP = 2 π fEP corresponding to the full development of the EP
via the comparison between the real and imaginary part of the dielectric permittivity (8a, ε′, ε′′) and conductivity (8b, σ′, σ′′). The plateau
in ε′ is due to the charge accumulation at the electrodes and may mask possible other relaxations (see main text). The radial frequency of the
frequency referred to the EP in ε′′, and σ′′ correspond to the drop in permittivity and to the onset in the σ′ towards the plateau. In σ′′ the
radial frequency of the start of the EP has been indicated. The data refers to BSF-EuMF suspension (10 mg ml−1) [104, 105].

The as calculated dielectric permittivity spectra for the two
component suspensions are shown in figure S2, where substan-
tial differences in the behaviors are manifested as compared to
the single component spectra in figure 7.

More specifically, the changes revealed much relevant
modification in the shape with respect to the single compon-
ent, hinting furthermore a superposition of the contribution of
relaxation of both components. Notably, the impact of the co-
presence of the two polymers is evidenced by the shape modi-
fication becoming much more evident when increasing the
eumelanin content. This is more noticeable in KerST mixed
suspension (see 4:1 and 9:1, figure 10(c)) whereas in the case
of KerBS mixed suspensions, this is noticeable in the 9:1 ratio
(figure 11(d)). These behaviors agree with the SAXS results
describing a higher co-aggregation in the case of KerST, that
could be also the reasoning behind the behavior seen via BDS,
furthermore evidencing the dependence vs. the increase of the
melanin :keratin ratio.

To gain clarity, we again utilize the Dlnωε
′ (ω)≈ ε ′ ′

rel

formalism to subtract the DC conductivity, with the corrected
spectra shown in figures 10 and 11.

The significant alteration of the derivatives spectra
Dlnωε

′ (ω)≈ ε ′ ′
rel can be related to the values calculated

from the best fit dielectric parameters extracted vi the HN
approach. These results (table 2) indicate that this is due to
shifts in the peak frequencies, fα,β (and correspondingly of
the ωα,β) of the α and β relaxations along with variations in
the dielectric strength (∆εα,β) parameters. These distributions
are also influenced by changes in the ai and bi parameters (see
values in table S1 and figure 12).

The behavior of the radial frequencies ωα and ωβ of the
relaxation peaks (symbols) vs. BSF-EuM:KerST(BS) ratio
(figures 12(a) and (b)) suggests changes in the ion chain
dynamics, ωα, and local motion compared to those in the
single component (straight lines) and more vs. the keratin
ones. Specifically, a general increase is observed in ωα

(figure 12(a)) hinting the changes (i.e. reduced length) in the
polymer chain dimension possibly due to the melanin intro-
duction and/or a cooperative effect between both compon-
ents. Conversely, the modification of the dynamics of the local
motion, represented by the ωβ (figure 12(b)), is notable in the
case of KerBS -based mixtures.
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Figure 9. HN fits to the Dlnωε
′ (ω) representation of the single material/solvent suspensions (10.0 mg ml−1). (a) KerST spectra; (b) KerBS

spectra; (c) BSF-EuMUF spectra; (d) BSF-EuMF spectra. The three relaxations are represented in distinct colors: red for α-relaxation,
green for β relaxation and magenta for EP relaxation. The corresponding HN parameters are listed in table S1).

The ωEP in mixed suspensions display values generally
lowering vs the BSF-EuM:KerST(BS) ratio (figure 12(c)).
This effect together with the lowering of the ∆εEP implies a
lower strength of the electrode polarization effect and lower
ionic charge density (n in table 2) manifesting itself by the
increase in the Debye length LD particularly evident with
respect to BSF-EuMF dipolar relaxation [106].

Inspecting the peak frequency positions and calculating lα
and lβ through the diffusivities of the ‘condensed’ Dion,α and
free counterion density Dion,β provided further insight on the
interaction in one and mixed component with water. In single
component suspensions, the two keratin systems show similar
ωα (fα ) values whereas variation have been observed in ωβ

(fβ). These returned similar dimensions of the particle aggreg-
ates lα, and different radial dimension i.e. ion charge hopping
distance, lβ (table 2) [80, 81].

The former can be explained as due to the similar exten-
sion/length of the keratin rod-like aggregates and polymer
chain motion features; the latter being related to ionic charge
local motion can be due to the more hydrophobic properties of
KerBS in water due to the local presence of a higher Sulphur
functionalized surface with respect to KerST as also evidenced
by FTIR results.

The lower values of lα and the corresponding values of
Dion,α in almost all mixed suspensions vs. keratin suggest that
the dielectric response modifies in water due to reciprocal
effect of eumelanin on the structure of the keratin aggregate.

Furthermore, this let to hypothesize the increase of the ‘con-
densed’ proton counterion density binding with the ionic
dipoles on keratin backbone, thus explaining the blue shift of
the radial frequencies ωα [111]. Also, lα being related to the
α-relaxation, this let to argue that the variation may affect sus-
pension viscosity [106, 112].

Moreover, we observe the increase lβ i.e. hopping distance,
vs. the increase of the relative eumelanin content with respect
to keratin, meaning that the hopping is slowed down.

The analysis of the dielectric strengths values shows an
overall strong reduction of the ∆εα (from 106 to 105 F cm−1)
and ∆εEP (from 105 to 104 F cm−1 with respect to the single
component one (see table S1), whereas the magnitude of∆εβ
is much less affected. The lower values of∆εα, further under-
lining the reciprocal effect of the two biopolymers in affect-
ing the cooperative motion and the dipolar relaxation of each
single component [106].

Finally, although the measured AC conductivities fall in the
range 10−5 S cm−1÷10−3 S cm−1 in all suspensions, either in
one component and mixed ones, (figure 13) a lowering of the
values of the DC values (value at the plateau in the real com-
ponent σ′) has been found in mixed suspension especially with
respect to BSF-EuMF. This suggest that keratin insertion is
the main component limiting, via proton counterion condens-
ation the free ionic charge transport. The lowering of the DC
conductivity, combined with the changes in lα, hints possible
keratin-vehiculated plasticizing effect [113].
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Figure 10. The Dlnωε
′ (ω) spectra with associated HN fits for the two component suspensions of BSF-EuM and KerST for different ratios:

(a) 1:4, (b) 1:9, (c) 4:1, (d) 9:1. The three relaxations peaks are represented by distinct colors: magenta—α-relaxation, wine—β relaxation,
dark yellow—EP relaxation. The corresponding HN parameters are reported in table S1.

Figure 11. The Dlnωε
′ (ω) spectra with associated HN fits for the two component suspensions of BSF-EuM and KerBS for different ratios;

(a) 1:4, (b) 1:9, (c) 4:1, (d) 9:1. The three relaxations peaks are represented by distinct colors: dark yellow—α-relaxation, green—β
relaxation, dark cyan—EP relaxation. The corresponding HN parameters are reported in table S1
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Figure 12. Comparison between the relaxation frequencies determined by expr. 9a in single component (straight line) and mixed
suspensions (symbols).

Figure 13. Real (σ′) and imaginary (σ′′) parts of the AC conductivity of one component (a) and mixed suspension of BSF:EuMF :KerST (b)
and BSF:EuMF :KerBS (c). The inset of (a) shows the AC conductivity of BSF:EuM. The mixed suspensions are labeled following table 1.

4. Conclusions

The chemical, structural and dielectric properties of powders
and water-based suspensions of eumelanin and two types
of keratins derived from organic waste via sustainable pro-
cesses are discussed. The examined suspensions included
both single component and their mix at selected BSF-Mel:
Ker mass ratios. FTIR on biopolymer powders together with
SAXS, TEM and BDS on suspensions provided comprehens-
ive insight of their properties and correlation between chem-
istry, structure and dielectric properties.

As a whole, the study discussed the fundamental proper-
ties of water-based suspensions made up of one and mixed
Eumelanin-Keratin biopolymer and extends the one(s) on
BSF-EuM [57] and related devices all derived in the frame-
work of the CE approach [19].

The adopted techniques enabled to evidence specific fea-
tures of the suspensions under different observation points. In
one component suspensions

• SAXS modeling returned BSF-EuM aggregation confirm
the π-π/pancake structure [97]. In KerST and KerBS the
derived geometrical extension returned a 2-dimensional
structure in KerST opposed to a more linear structure of
KerBS.

• TEM results were in line with SAXS i.e. aggregation of nan-
oparticles in BSF-EuM, a planar star-like structure in KerST
and a linear one in KerBS

• BDS responses differ in each biopolymer, with some simil-
arities between unfiltered and filtered BSF-EuMwith KerST

and KerBS, due to residual proteins. The values of lα and lβ
confirms TEM and SAXS results.

In the two-component suspensions:

• the SAXS modeling evidenced a superposition of independ-
ent contributes, with higher coaggregation in the case of
KerST

• TEM confirms the superposition seen via SAXS modeling
with BSF-EuM eumelanin surrounding KerST loosing the
star light features; in BSF-EuM:KerBS mixtures 1:9 and 9:1
eumelanin internalization (1:9) or surrounding the KerBS
bent (9:1) are found.

• TEM in line with SAXS suggests biopolymers aggregate in
a different geometry when are both in water, thus explaining
the carrier hopping lengths lα and radial distances lβ extrac-
ted from BDS data.

• BDS spectra evidence a cooperative effects via a substantial
different behavior respect to the one component, that is more
expressed when increasing the eumelanin content (i.e. BSF-
EuM:KerST (4:1) and (9:1)).

• TheDC conductivities hint a keratin vehiculated plasticizing
effect.

Finally, the production of disposable or medium-long time
working devices by adopting deposition techniques from such
aqueous liquid phase suspensions is already in progress, with
promising results that will be the subject of our future research
papers
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